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PREFACE 


This book takes the reader to about the stage at which detailed 
reactor design begins, without assuming any previous knowledge 
of nuclear technology. It does, however, assume an appropriate 
background of physics and mathematics (and some chemistry). 
Though intended as an introduction to a postgraduate course, it 
should not be too advanced for the young student well prepared 
to proceed to a higher education in science or engineering, and it 
also provides a coherent account of reactors for those professionally 
qualified in neighbouring fields. 

Without sweeping generalizations, reactor theory is difficult 
to follow at a first meeting. The mathematical treatment has 
therefore been chosen to clarify basic principles; for example, 
the diffusion of slow neutrons into a fuel lump is considered for 
spherical symmetry in order to avoid the use of Bessel functions, 
though it is cylindrical symmetry that is important in practice. 
Mathematical proofs that serve only an immediate purpose, and 
can be ignored without detracting from the subsequent logical 
development of the book, are marked with a star in the margin. 
They can well be omitted at a first reading, continuing reading 
at the double star. 

Only such nuclear physics as is necessary for an understanding 
of reactors is given, and this is not introduced until it is required, 
so that it is first encountered in some reactor context. The physics 
not being segregated in special chapters will make it necessary 
to use the index for cross-referencing, and it has been prepared 
with this in mind. The diagrams should be regarded as part of 
the text, and are meant to be studied. 

The way in which the underlying physical principles are trans- 
lated into mathematical form and then embodied by the engineer 
in working equipment (with an eye on economics) is emphasized 
throughout the book. In an overall view, these different aspects of 
the design problem cannot be separated. 

The present state of reactor technology cannot be understood 
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without reference to its origins, and the reactors described in 
this book are all of historical importance, selected to illustrate 
the different parts of the text. Particulars of these reactors are 
given in the Appendices. 

It is easier to explain why a bomb explodes than how to design 
a power reactor so as to be safe, and it is instructive to compare 
the two cases. The principle of the bomb is, therefore, described in 
relation to the problem of taming a reactor. The dangers inherent 
in the peaceful uses of nuclear energy are frankly faced, so that 
the reader may learn how they can be properly circumvented. 

The first two chapters introduce important ideas in nuclear 
engineering that will be new to the reader, so that a nuclear power 
station can be described early in the book. This enables the 
detailed and quantitative discussions of the later chapters to be 
fitted into a proper background. The reactor itself is the centre- 
piece of the book. Attendant subjects such as radiation protection, 
health physics, waste disposal and economic implications are 
included so as to put the reactor in perspective, but are not 
pursued further. 

I am greatly indebted to several experimental establishments 
of the Atomic Energy Commission of the U.S.A., to Atomic 
Energy of Canada Ltd. and to the United Kingdom Atomic 
Energy Authority, for generous help in providing me with a 
number of the illustrations which appear in this book. I am also 
indebted for other illustrations to authors and publishers who 
have allowed me to make use of their copyright. Detailed acknowl- 
edgements are made in the text, but special thanks are due to 
D. Van Nostrand Company Inc., the McGraw-Hill Book Company 
Inc. and the Pergamon Press. I have made considerable use of 
diagrams from papers published in the proceedings of the Geneva 
Conferences on the Peaceful Uses of Atomic Energy. 


CHAPTER 1 


The Basis of Design 


In a coal-fired electrical generating station it is oxygen in air 
that keeps the fuel burning; in a nuclear generating station it 
is neutrons. The smallest unit of length used by the engineer is 
a microinch, but a cubic microinch of the air that enters the 
furnaces of a generating station nevertheless contains about 85 
oxygen molecules: the molecules are very small. They are, actually, 
a lot smaller than this figure would indicate since they occupy 
rather less than a thousandth of the volume taken up by the gas, 
spreading through the greater volume because of their thermal 
agitation. This thermal motion would enable them to escape from 
a solid enclosure were it not for the tight packing of the molecules 
in a solid, which normally leaves no interstices of sufficient size 
for the molecules of a gas to penetrate. 

The mass of a neutron is slightly greater than the mass of a 
hydrogen atom, and neutrons can reach thermal equilibrium by 
collision with the molecules of ordinary matter, so neutrons can 
constitute a kind of gas. A neutron gas, however, has very different 
properties from an ordinary gas: to a first approximation, the 
neutrons can pass right through the walls of an enclosure. Though 
the mass of a neutron is comparable with the mass of a gas 
molecule, its size is to be compared, not with that of the entire 
molecule, but with that of the atomic nucleus, and this is very 
much less. Neutrons do not interact with the extranuclear parts 
of an atom because the forces that reign there are electrical, 
and the neutron has no charge. The only forces that influence 
neutrons (apart from gravity, the effect of which is difficult to 
detect) are the forces that hold a nucleus together, and their 
effect falls off so rapidly with distance as to become negligible 
just outside the nucleus. Thus, if a neutron is travelling towards 
the wall of a solid container, the only obstacles it ‘sees’ are the 
tiny nuclei of the atoms of which the wall is composed, and their 
target area does not amount in all to more than a small fraction 
of the area of the wall, unless the wall is thick. A neutron gas, 

1 
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then, consisting of particles of mass similar to that of the molecules 
of a material gas, will, if endowed with similar thermal agitation, 
escape at once from a container that would hold the material 
gas; furthermore it can occupy the same space as a solid body 
without being prevented thereby from behaving like a gas. 

Looking further than this simple picture, we must allow for 
the fact that encounters with nuclei, though rare by comparison 
with molecular-gas collisions, do occur and lead to four kinds of 
events, three of which have a special and individual importance 
in nuclear reactors. These events are absorption followed by 
fission, capture (absorption without fission), and elastic and 
inelastic scattering. 


Fission 


Metallic uranium from naturally occurring ore contains two * 
isotopes, that is, two different kinds of atom having the same 
chemical properties because the parts of the atoms outside the 
nucleus are identical; they have different nuclear properties 
because the one kind of nucleus, ?°°U, contains three more neutrons 
in its structure than the other, 7°U, though both contain the 
same number of protons. If they did not the total nuclear electrical 
charges would be different, and the outer parts of the atoms 
could not be built in the same way; in other words they could 
not both have the same chemical properties and would therefore 
be different chemical elements. Less than 1 per cent of the natural 
isotopic mixture is #°U, but it is only the occurrence of this 
particular isotope that has made nuclear power production 
technologically possible. This is because the absorption of a 
neutron by 2°U can provoke a form of atomic disintegration called 
fission, in which the nucleus splits into roughly two halves, and 
because the fission process involves the liberation of a relatively 
large amount of energy, and finally because more neutrons are 
thrown out during fission than are required to provoke it. Hence 
ene fission can cause another, and another, and yet another 
and a chain-reaction can occur — always supposing that 


* The 0-0058 per cent of %4U is of no concern to us. 
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neutron wastage is not too great. Neutrons are ejected during 
fission with speeds much greater than thermal speeds; these fast 
neutrons are much less efficient than thermal neutrons in provoking 
fission in ?35U, 


Neutron Capture 


A neutron ejected from a 2%5U fission in a block of natural 
uranium has a very poor change of causing another fission in 
*35U: it is much more likely to be absorbed in a *8U nucleus 
without causing fission. A ?3°U nucleus is formed instead, which, 
though unstable, does not eject a neutron. For this reason, no 
chain-reaction can be built up ina simple block of natural uranium. 

Different elements absorb neutrons to a greatly differing 
extent, the extent depending also on the speed of the neutron, 
particularly for intermediate and slow neutrons. At intermediate 
speeds absorption peaks occur which may be high and sharp. 
For slow neutrons it is a general rule that the absorption coeffi- 
cient is inversely proportional to the speed of the neutron, in other 
words proportional to the time spent in the neighbourhood of 
the nucleus. 

To avoid undue wastage of neutrons in a reactor, only elements 
which have small absorption coefficients, for example aluminium, 
can be used for structural purposes inside the active part. Elements 
like boron, on the other hand, which absorb neutrons strongly, 
are valuable for control purposes: the build-up of the chain- 
reaction is progressively discouraged as boron-steel rods are 
pushed into a reactor. 

It frequently happens that a nucleus, after capturing a neutron, 
and thereby becoming another isotope of the same element, is 
then radioactive. The new isotope decays into another element 
which may again be radioactive, in which case the process continues 
until a stable element is formed. The radiations that are emitted 
during the decay are dangerous to health, may be a nuisance in 
other ways, and their emission can last for a considerable time. 
This calls for special precautions in the handling of reactor com- 
ponents which have been exposed to the neutron flux. The effect 
is turned to advantage, however, in the preparation of radioactive 
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isotopes, useful in industry and medicine, by irradiating the ap- 
propriate element inside a reactor. 


Elastic Scattering 


Neutrons colliding with nuclei may behave much as two billiard 
balls do, no energy being lost and momentum being shared, thus 
resulting in a slowing-down of the neutron. It is this process that 
enables a self-sustaining chain-reaction to be established in 
natural uranium by incorporating what is known as a moderator, 
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Fig. 1.1. Schematic arrangement of pile. 


commonly graphite. The active core of the reactor then consists 
of uranium ‘diluted’ with graphite. A common arrangement Is to 
insert long thin uranium rods into an array of holes left in a large 
assembly of graphite blocks, as in Fig. 1.1, such a reactor having 
originally been called a ‘pile’™* from the manner of building 1t. 
The dimensions of the array are so chosen that a (fast) fission 
neutron from 25U has a good chance of escaping from the rod in 
which it is liberated before being captured by *%8U: the rods must 
not be too thick. The neutron must then pass through sufficient 
moderator to be slowed down past the speed at which absorption 


* In British terminology the word Pile is reserved for a natural uranium 
reactor; in American terminology no distinction is made between pile 
and reactor, and the word pile is going out of use. 
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in *38U is extremely large (the absorption is a resonance phe- 
nomenon) before it is likely to encounter another rod. When it 
does so it will have become thermalized, and have a good chance 
of causing another fission in the uranium. The rods must not be 
too closely packed. The required lattice dimensions prove to be 
quite manageable for a natural-uranium/graphite pile. 


Inelastic Scattering 


A neutron scattered by a nucleus may leave the nucleus in a 
state different from the initial state, and so lose energy in the 
process; such scattering is said to be inelastic. Though having 
no special significance in nuclear reactors, inelastic scattering 
must be allowed for in quantitative calculations of their per- 
formance. 


Critical Size 


It has been mentioned that more neutrons are emitted in fission 
than are required to provoke it, so that, if wastage is not too 
great, a chain-reaction can build up. Wastage takes two forms: 
absorption of neutrons without fission following, and loss from 
the reactor core. The latter is very important, because neutrons 
go through solid matter like water through a sieve. Even if ab- 
sorption always brought about fission, a stray neutron would not 
start a chain-reaction in a small piece of fissile material because 
the secondary neutrons would nearly all escape before starting 
the next step in the chain. In a larger piece of material they would 
have less chance of escape, and in an infinite block they could 
never escape. With no wastage at all, and more than one neutron 
liberated per fission, the rate of fission would increase without 
limit, or rather, until a change in circumstances imposed a limit. 
A cumulative increase would still occur in the presence of wastage 
if this were covered by excess neutrons from fission. 

Consider now what happens if we make a block of fissile material, 
say uranium-235, progressively larger. There are always a few 
stray neutrons around from cosmic rays, and spontaneous fission 
with neutron emission, though very infrequent, does occur, so 
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producing occasional neutrons in fissile material. There are always 
a few neutrons available to start a chain-reaction. In a sufficiently 
small block of uranium-235 few of these neutrons will manage 
to cause further fission before escaping, though slight reproduction 
of neutrons will have occurred. In a somewhat larger block more 
of the original neutrons will produce second generation neutrons, 
some third, a few fourth, and so on. Ultimately, allowing for all 
the generations, there may be many more fissions produced than 
neutrons originally present, but if each generation contains fewer 
neutrons than the preceding one, there will be a limit to the total 
number. To be precise, if 2 neutrons are introduced into the block 
initially, and there are kn in the second generation, there will 
be #2n in the third, k3” in the fourth, and so on. In all 
T=00 
n> kf 
r=0 

neutrons will appear in the block when m are introduced. If 
k < 1, the sum converges and is m/(1 — k). Even thermal neutrons 
move quite quickly through the block and nuclear processes occur 
very quickly indeed, thus the generations succeed each other 
swiftly. Unless & is nearly equal to unity, the first few terms in 
the series contribute most of the sum, and the corresponding 
generations of neutrons are born and die in a short interval of time. 
If & is less than, but not too close to, unity spontaneous fissions 
in the block will give rise to more fissions, but the total number 
will remain fairly small. Each spontaneous fission, and each arrival 
of a cosmic-ray neutron, will provoke a little flash of activity. 
If an artificial source of neutrons, such as a capsule containing 
radium and beryllium, is placed near the block the neutrons 
entering the block will be increased in number and the activity 
may become considerable. 

Suppose now the block is of just that size for which k = 1. 
Any neutron present will, after death, leave exactly one survivor, 
and so on through the generations. Thus any population of neutrons 
that happens to be present survives indefinitely, the number of 
neutrons remains constant, and the rate of fission continues 
unchanged. The block is said to be critical, and in this condition 
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remains in a steady state irrespective of the level of activity.* If 
fissile material is removed from the block, or k becomes less than 
unity for any other reason, the level of activity cannot be main- 
tained by the reproduction of neutrons and it falls to the low value 
associated with stray neutrons; in the absence of stray neutrons 
it would fall to zero. In practice the reaction would shut down. If 
more fissile material is added so that & > 1, any activity already 
present, however small, can multiply indefinitely (see Fig. 1.2) 











Neutrons Neutrons Neutrons Neutrons 


Fig. 1.2. Four generations of neutrons from fission in #%U. To simplify 
the diagram, it has been assumed that each fission results in the formation 
of the two fission fragments ff, and three neutrons. 


and as the interval between generations is small the multiplication 
is rapid, and the activity can rise rapidly to tremendous values. 
In such circumstances, however, the consequent liberation of heat 
would quickly blow the supercritical mass to bits, so reducing & 
below unity and terminating the reaction before all the fissile 
material was used up. A minor explosion results if the bursting 

* Overlooking the continuing addition to the neutron population from 


spontaneous fission and cosmic rays, which is negligible compared with 
the large neutron population usually present in a critical reactor. 
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of the block beats the rise in activity; a major explosion results 

if the rise in activity beats the dissipation of the fissile material. 

The latter condition is extremely difficult to achieve. It requires 

the supercritical mass to be assembled so rapidly that there is 

insufficient time for a minor explosion to occur during assembly 

when & only slightly exceeds unity, since, if this did occur, it 

would prevent the attainment of a value of & sufficiently large 

to ensure a major explosion. In the fission bomb it is necessary 
to bring the components of the supercritical mass together with 
literally explosive violence to obtain an efficient weapon, while 
on the other hand a power reactor must have k held just equal to 
unity for steady operation, and this is a critical condition in every 
sense of the word. A major explosion of an engineering reactor 
is, however, not to be feared: it is difficult enough to cause 
such an explosion deliberately, and impossible for one to occur 
accidentally in a reactor designed to be controllable. Still, a minor 
explosion would be bad enough. The problem of preventing an 
explosion, or any damage resulting from an inadvertent rise in 
level of activity, is fortunately mitigated by the fact that a small 
proportion (less than 1 per cent) of the neutrons resulting from 
fission are not emitted immediately, but only after an appreciable 
delay. These delayed neutrons do not come from the fission process 
itself but from the subsequent radioactive decay of certain of the 
fission products. The existence of this form of radioactivity, in 
which the disintegration takes place with the emission of a 
neutron instead of the usual alpha or beta particle, was not known 
when the first pile was brought into operation, but the fact that 
a small proportion of the neutrons is delayed was known, and it 
was foreseen that their occurrence would make a pile manageable 
without serious difficulty. The delay in the emission of some of the 
neutrons forming the next generation delays the build-up of neutron 
population; so when a reactor goes critical (at k = 1), and is 
then made slightly supercritical, the level of activity does not rise 
so quickly that mechanical controls have insufficient time to 
operate. However, at a somewhat higher value of &, the reactor 
will be critical without having to wait for the delayed neutrons, 
and it is then said to be prompt-critical; the activity can rise 
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with great rapidity, and the reactor is in an extremely dangerous 
condition, if indeed the situation is not already disastrous. 


Energy from Fission 


Falling water either dissipates energy as heat, acquires kinetic 
energy, or may be made to generate electrical power. The potential 
energy of the water is less after the fall; the difference that is 
available comes from the mutual approach of the two gravitating 
masses involved — water and the earth. Energy liberated during 
burning comes from the mutual approach of electrically attracting 
constituents of molecules — electrons and nuclei. When carbon 
burns in oxygen, the carbon nucleus, two oxygen nuclei (the 
molecule of oxygen is diatomic) and their attendant electrons are 
involved: C + O, = CO,. The same nuclei and electrons are 
present on both sides of the equation but the electrons are some- 
what more tightly bound in the CO, molecule than they were in 
the carbon and oxygen: on the whole, electrons have moved closer 
to their nuclei as a result of the chemical combination. Now a 
nucleus is about 104 times smaller than an atom, so forces between 
elementary charges are 10° times larger on an inverse square 
law. The charged particles in the nucleus being all protons, 
electrical forces tend to disrupt it. Forces peculiar to the nucleus, 
between protons and neutrons, and between like particles, must 
therefore be attractive, and at least as large, to make the nucleus 
stable. Any rearrangement of nuclear constituents may therefore 
involve energy changes on a much bigger scale than those accom- 
panying chemical changes; in fact they are often very much bigger. 
By far the biggest energy changes are those accompanying nuclear 
fusion and nuclear fission. The individual nuclei of the fission 
products are much more tightly bound than the parent nucleus, 
and energy is released as a result of neutrons and protons coming 
closer together. A large proportion of the energy appears as kinetic 
energy of the new nuclei produced. Collisions quickly result in a 
redistribution of kinetic energy which, after being shared with 
neighbouring atoms, becomes heat. Some of the fission energy 
appears as kinetic energy of ejected neutrons, some as gamma 
radiation, and some remains with the highly radioactive fission 
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products until emitted later as a result of decay. Though the 
immediate physical processes generating energy do not liberate 
it in the form of heat, they are followed by further processes the 
final result of which is thermal agitation. Similar processes degrad- 
ing energy to heat occur during chemical burning. 

In a hydroelectric power station gravitational energy is con- 
verted mechanically into electrical; in coal and oil-burning power 
stations chemical energy stored in the fuel is first converted into 
heat, after which inevitable thermodynamic losses occur in getting 
mechanical energy for generating electricity. We have seen that 
a power station depending on nuclear fission suffers from the same 
disadvantage, that heat and mechanical energy are intermediaries 
between nuclear energy and electrical power, with consequential 
thermodynamic losses. The nuclear reactor of today is a furnace 
in which the fuel, instead of being burnt by a chemical process, 
is ‘burnt’ by nuclear fission. The amount of fuel so ‘burnt’ is 
small, in inverse proportion to the enormous release of energy 
during fission. The 500 MW nuclear power station being built at 
Hinckley Point is expected to require about 700 pounds of natural 
uranium fuel a day, whereas a similar coal-burning station 
consumes about 7,000 tons of coal a day. The throughput of water 
in a large hydroelectric station is to be reckoned in tens or hundreds. 
of thousands of gallons a second. These figures reflect the orders 
of magnitude of nuclear forces, forces in the outlying parts of the 
atom, and the force of gravity at the surface of the earth: the first 
very large compared with the second, the third very small. It 
should be noted, however, that the order of convenience, 1n 
amounts of fuel or water to be handled, is in the reverse order 
when we consider what is left over after the energy has been won. 
It is no inconvenience that as much water leaves a hydro- 
electric power station as goes in: usually it is only a matter of 
diverting an existing flow of water through the turbines. The 
output of ash from a coal-fired power station, however, 1s con- 
siderable, amounting to perhaps 1,000 tons a day for the example 
given. The disposal of such large quantities of ash is no small 
undertaking, but the corresponding problem for the fission reactor 
is a really serious affair, because the ‘ash’ consists of the products 
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of fission, and these are highly radioactive elements. The weight 
involved is small, being less than 1 per cent of the weight of 
the ‘spent’ fuel, but the radioactivity is enormous, and must be 
kept strictly contained for long periods of time. 


Thermonuclear Energy 


There is another nuclear process, besides fission, in which 
relatively large amounts of energy are involved. This is the process 
of fusion, in which the nuclei of two light elements combine in a 
violent collision to form a single heavier nucleus, with the libera- 
tion of energy. Two deuterium (heavy hydrogen) nuclei can fuse in 
two different ways, giving either a helium-3 nucleus and a neutron, 
or a tritium (super-heavy hydrogen) nucleus and a proton, both 
processes yielding a great deal of energy. Furthermore, tritium and 
deuterium nuclei can fuse to give *He and a neutron, and an even 
greater amount of energy. The amount of energy released in fusion 
is several times greater than in fission for a given mass of the 
appropriate fuel. Fusion is brought about by the collision of two 
nuclei; if a neutron happens to be involved, it is an ejected neutron, 
not one that provokes the process as in fission. A self-sustaining 
fusion reaction cannot be brought about by arranging the right 
neutron economy. A self-sustaining reaction would need a tem- 
perature so high that thermal agitation would lead to enough 
fusion collisions to generate energy in the reacting gas as fast as 
it was lost by radiation. It is estimated that the deuterium— 
deuterium reaction would require 400 million °K, and the deu- 
terium-tritium reaction 45 million °K.* At these more than astro- 
nomical temperatures the atoms are fully ionized, and the gas 
consists of what is called a ‘plasma’ of positive nuclei and electrons. 
Such a plasma does not radiate like a black body unless of very 
large size; the sort of size that is contemplated for a thermonuclear 


* It should be possible to breed tritium in a thermonuclear reactor by 
making use of the reactions 
n + *Be — ®8Be -++ 2n 
Qn + 2*Li > 28H + 24He 
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reactor radiates relatively little, and almost entirely in the form 
of X-radiation. This circumstance makes it possible to contain a 
high temperature plasma without melting the walls of the con- 
tainer, provided the plasma can be prevented from touching the 
walls; in a toroidal gas-discharge tube this can be achieved by 
circulating an electric current within the plasma so large that the 
mutual attraction of the component current filaments shrinks 
the plasma into a thin ring within the toroid. Several other 
solutions of the containment problem are now envisaged. 

The sun and other stars generate their heat by thermonuclear 
processes that are probably more complicated than those just 
mentioned, but able to proceed at a somewhat lower temperature. 
It has been estimated that 20 years of intensive research may be 
required to settle whether or not a self-sustaining thermonuclear 
reaction can be set up in the laboratory, after which there would 
remain the problem of developing an economic power station 
using the method. Such a source of power, however, would offer 
tremendous advantages. Assuming deuterium to be the fuel, 
virtually unlimited quantities are available at a fairly low cost 
from the water in the oceans, and the ‘ash’ from thermonuclear 
reactors would present no disposal problem: it consists of helium, 
a valuable gas that is not radioactive. 

A plasma reactor presents the interesting possibility of direct 
extraction of electrical energy without the intermediary of heat 
and the attendant thermodynamic losses. This should be possible 
by so arranging the magnetic and electric fields in a toroidal 
reactor that the high energy particles acquire a preferential 
direction of motion round the torus, thus giving rise to a circulating 
electric current. By making this current the primary ‘winding’ 
of a transformer, energy could be taken out of the plasma. Un- 
fortunately only part of the energy can be removed in this way: 
a lot is carried off by neutrons ejected in the reaction, and only 
part of the remainder can be concentrated into the circulating 
current. It appears that there is an upper limit to the energy that 
can be removed directly; 33 per cent for a deuterium fuelled 
reactor, and 20 per cent if tritium is used. Unless a thermo- 
nuclear reactor can be persuaded to pulse itself sinusoidally it is 
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questionable if much advantage would accrue from direct energy 
conversion. The direct extraction principle would also be applicable 
to a fission reactor, if the reacting core were in the form of a 
plasma, but similar comments apply.* 


Plutonium Production 


It has been mentioned that there is an energy intermediate 
between that with which neutrons are ejected in fission and 


Neutron 
O 





Fig. 1.3. Formation of plutonium in a self-sustaining chain-reaction in 
uranium. Only two neutrons from each fission are shown: one required to 
sustain the reaction, the other forming plutonium. 


* The situation in this subject following the second Geneva Conference 
on the Peaceful Uses of Atomic Energy is described in Nuclear Engineering, 
Vol. 3, pp. 28, 95 and 423 (1958). 
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thermal energy, at which neutrons are strongly captured in *8U. 
They may also be captured at thermal energies. In both cases 
(see Fig. 1.3) the product nucleus is 239, and this is radioactive. 
Its half-life (time after which half the atoms initially present 
have decayed) is 23 min. It emits a beta particle (electron), thus 
moving one place higher in the Periodic Table, and therefore 
turns into the first transuranic element, not found in nature. 
This is called neptunium, and 239Np also is radioactive, with a 
half-life of 2:3 days. Another beta emitter, it gives rise to the 
second transuranic element, plutonium. ?°°Pu undergoes fission 
with thermal neutrons. Its formation from #8U, which only 
undergoes fission with fast neutrons, isan example of the production 
of a fissile from a ‘fertile’ material. *8°Pu is also radioactive, but 
the decay is slow, the half-life being 24,000 years, it is an alpha 
emitter. The production of plutonium, which occurs in all natural 
uranium piles, is important for both military and civil purposes. 
The first piles built to operate at a high power level were designed 
as transmutation factories, the power being wasted, but the fuel 
periodically removed for the plutonium to be extracted and used 
for the construction of fission bombs. Piles designed for power 
production also inevitably produce plutonium, in this case to be 
regarded as a secondary fuel. 
The alpha radioactivity of plutonium makes it dangerous to 
health if ingested, even in very small amounts; special precautions 
are required when handling it. 





CHAPTER 2 


The West Stands Experiment 


The first self-sustaining chain-reaction in natural uranium was 
achieved by a group of about 20 physicists under the direction 
of E. Fermi in Chicago during World War II, as part of the atomic 
bomb project.* The immediate objective was to test the prediction 
that criticality could be reached using graphite as a moderator, 
the further objective was to develop a reactor that could be used 
for plutonium production. Ten years later a detailed account of 
this historic occasion was published.** 

The principles involved in the design of a self-sustaining 
chain-reacting pile are no more than a straightforward application 
of the basic physical facts. They were understood, and an adequate 
theoretical treatment developed, some time before the construc- 
tion of the first pile that was capable of going critical. Proper 
values of the physical constants involved were not, however, 
available when the pile was first planned; nor were the basic 
materials available in sufficient quantity, or what was available 
sufficiently pure. The procurement of materials proved to be the 
most difficult feature of the building of the pile and was responsible 
for a delay of nine months, but during this period further experi- 
ments were carried out which enabled a more precise forecast to 
be made of the requisite size of the pile. Had it not been for 
the shortage of materials, the pile would have been built right 
away, in the hope that a design could be guessed that would give 
enough reproduction of neutrons to be self-sustaining; as it hap- 
pened numerical evidence had accumulated before the pile was built, 
which made this practically certain. The possibility that, once 

started, the reaction would become uncontrollable had to be faced, 
but the existence of delayed neutrons, and a calculation that the 
temperature coefficient of neutron reproduction would be negative, 


* Smyth, H. D. Atomic Energy for Military Purposes. 1945. Princeton; 


Princeton University Press: Reprinted by H. M. Stationary Office, London 
(1945), 


** Fermi, E. American Journal of Physics, Vol, 20, p. 536. (1952). 
16 
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were reassuring. In short, it was correctly foreseen that no serious 
technological difficulties would be encountered until attempts 
were made to run a pile hot.* Nevertheless, an unpleasant tech- 
nological surprise remained concealed until the plutonium produc- 
tion piles, built later at Hanford, had been operating for some 
time: some of the fission products absorbed neutrons so strongly 
that, after a while, it was only just possible to continue operating 
the piles. 

In 1940 only a few grammes of uranium metal of very doubtful 
purity were in existence, quite inadequate even for experiments 
to determine the physical constants involved in pile design. At 
the end of 1941 this had been increased to a few grammes of good 
metal, and a few pounds of highly impure pyrophoric powder. 
Black uranium oxide was available in considerable quantities, 
but containing from 2 to 5 per cent impurities. Uranium, for use 
in a reactor, must have a degree of purity difficult to attain in a 
laboratory; quite forbidding, at first sight, when contemplating 
factory produced quantities reckoned in tons. Even a few parts 
in a million of impurities which absorb neutrons strongly must be 
considered excessive. The method of purification which proved 
equal to the occasion was that of ether extraction. Uranyl nitrate, 
UO,(NOg)», is soluble in ether, while most inorganic nitrates are 
not; a single extraction with ether is sufficient to get rid of the 
unwanted impurities from uranium recovered from its ore. Ether 
has now been replaced by tributyl phosphate in kerosene, thereby 
eliminating the serious fire hazard associated with the use of ether. 
Metallic uranium was at first made by the electrolysis of a com- 
pound of the formula KUF,, the latter being produced photo- 
chemically under the action of sunlight; prepared this way, the 
metal cost $1,000/Ib. This highly inconvenient and expensive 
method was later replaced by the electrolysis of uranium tetra- 
fluoride (UF,), ultimately reducing the price to $ 22/lb. Uranium 
is now made by reducing uranium tetrafluoride with calcium or 
magnesium. Only 6 tons of metal were available when the first 


* Tt was also correctly foreseen that the major technological problem 
in designing a bomb would be that of bringing the component parts of the 
supercritical mass together sufficiently quickly. 
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critical pile was built, about one-seventh of the total weight of 
uranium required; the majority, therefore, had to be uranium 
oxide mainly in the form of UO,, with a little in the form of U,Og. 
The absorption of neutrons by oxygen is very low. The absorption 
by nitrogen, incidentally, is sufficiently great to make the presence 
of air in a pile to which the atmosphere has access of some con- 
sequence, and it was feared that it might just prevent the West- 
Stands pile from becoming critical. Arrangements were made 
to replace the air in the pile with helium or carbon dioxide if it 
was necessary, and while the occasion did not arise changes in 
barometric pressure do have enough effect on piles to call for 
corrective action to be taken by moving the control rods. 

Sufficient quantities of graphite were always available, but the 
quality was poor for use as a moderator; some of it which con- 
tained only two parts per million of boron was still not good 
enough. The production of high-grade graphite had to be under- 
taken, but only graphite of variable purity was available for build- 
ing the critical pile. Two alternative moderators were considered: 
beryllium, and heavy hydrogen in the form of heavy water, the 
oxygen in the water behaving to a first approximation like a 
diluent. Both alternative moderators were more difficult to obtain 
than graphite, and beryllium has the disadvantage of being 
extremely poisonous, so graphite was chosen. About 300 tons 
were required. 

The dimensions of the lattice structure of fuel elements in the 
graphite matrix were chosen partly on theoretical grounds, and 
partly as a result of trial and error in what became known as 
exponential piles, many of which were built. One form of ex- 
ponential pile is, in principle, a sample of the complete pile. Since 
it is nowhere near being self-sustaining, neutrons are fed into it 
from an artificial source. Such an exponential pile might consist, 
for example, of an 8 ft cube of graphite containing a lattice of 
fuel elements, supported on a 2 ft pedestal of graphite, with a 
polonium—beryllium source at the centre of the pedestal. The 
source is a mixture of polonium, which is a radioactive emitter 
of alpha particles, and beryllium, which emits neutrons under 
alpha particle bombardment. Measurements of neutron intensity 
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would be made at different heights in the pile. It can be shown 
theoretically that the neutron intensity along the centre line of 
the pile falls off exponentially with height, apart from disturbances 
due to the lattice-like structure, on the assumption that the pile 
is infinite in height; for a finite pile a correction is required. It 
is possible to distinguish between slow and fast neutrons by making 
use of the fact that cadmium is almost opaque to slow neutrons, 
though relatively transparent to the intermediate and fast ones. 
Measurements with and without a cadmium absorber give an 
estimate of the slow component, by taking the difference. The 
neutron detector used in most exponential pile experiments is a 
metal foil (frequently indium) which becomes radioactive as a 
result of neutron bombardment; the activity measured after 
removal from the pile is proportional to the neutron flux to which 
it was exposed, other things being equal. In an exponential pile 
containing no fuel elements, neutron flux measurements on the 
centre line permit a determination of the rate at which neutrons 
are slowed down by the graphite, or are absorbed in it, as they 
ascend the pile. If the pile contains fuel elements, some neutrons, 
after being slowed down, give rise to new fast ones by fission, 
and the exponential decrease of fast neutrons is less steep. It is 
possible to use such an exponential pile to measure the multi- 
plication constant of a chosen lattice without the necessity of 
constructing a full-sized pile. The multiplication constant is the 
ratio of the number of neutrons in any generation to the number 
in the preceding generation, for a lattice of infinite extent, and is 
written k,,. In a finite pile some neutrons escape and the ratio is 
reduced accordingly. #,, becomes ky, the effective multiplication 
constant, or reproduction ratio, as we shall call it. In an operating 
pile the reproduction ratio is made variable, usually by moving 
control rods of neutron absorbing material into and out of the 
pile, so that the level of activity can be altered and controlled. 
We recall that when #4 = 1, the pile is critical, and the chain- 
reaction settles down to a steady state. We note that hy < ko: 

In the autumn of 1941, when only commercial uranium oxide 
containing between 2 and 5 per cent impurities was available for 
exponential pile experiments, and the graphite was not good, 
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the best value obtained for k,, was 0:87. In May 1942 better 
uranium oxide and graphite were available, and k,, was 0-98. 
The uranium oxide was 99 per cent pure, with boron less than a 
few parts per million. In July &,, had been pushed up to 1-007 
in intermediate (exponential) pile No. 9, and it became certain 
that a sufficiently large pile could be made self-sustaining. More 
intermediate piles were built before, in October, enough material 
of sufficient purity became available to start on a full-sized pile, 
though most of the uranium was still in the form of oxide. 


Instrumentation 


Operating a pile calls for continuously indicating neutron 
detectors. Indium foils require a long time for their irradiation, 
removal and assessment. Boron trifluoride gas (BF;) may be used 
for continuous indication in an ionization chamber or a proportional 
counter (see Fig. 2.1), The boron absorbs neutrons (particularly 
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Fig. 2.1. BF, counter (schematic). 


slow ones) which, being uncharged, cannot, themselves, directly 
ionize the gas through which they are passing. The absorption 
results in a nuclear disintegration in which an alpha particle 
(helium nucleus) is emitted. This is charged, and so ionizes the 
gas. The ions are collected by electrodes in the chamber because 
of an electric field which is applied between them, thus each 
neutron absorbed gives rise to a tiny pulse of current. In the ioniza- 
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tion chamber these pulses add up, and the mean current is measured 
usually after amplification. Alternatively, using a proportional 
counter, each pulse is put through a linear amplifier, and the pulses 
counted. By using a pulse height discriminator, the pulses from 
the alpha particles can be separated from the much smaller pulses 
caused by the absorption of gamma rays. Either detector gives 
effectively continuous indication, unless the neutron flux is very 
small. 


Assembling the Pile 

It is clearly necessary, when assembling a pile that is intended 
to reach criticality, to take precautionary measures which will 
ensure that those engaged in the assembly will not be endangered 
by unforeseen radiation, and that the pile is under complete 
5,000 
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Fig. 2.2. Activity of CP-1 during construction. From E. Fermi, American 
Journal of Physics, Vol. 20, p. 536 (1952), by courtesy of the Journal. 


control all the time. The procedure actually adopted for the first 
pile was as follows: 

(1) At an early stage in the construction, when layer 11 was 
being added, a BF, counter was incorporated in the pile, at the 
centre of the layer. This gave a continuous record of the neutron 
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intensity at all stages of construction. It was also coupled to an 
alarm, to attract attention if the activity should rise unduly. 
The natural level of activity, due to the multiplication of neutrons 
from spontaneous fission and cosmic rays, with no absorber rods 
in the pile, was plotted against the number of layers already 
completed. The plot is shown in Fig. 2.2. 

(2) An indium foil was placed near the effective centre of the 
pile each night, and the induced activity measured in the morning. 
The results were compared with the indications of the BF, counter. 
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Fig. 2.3. Approach to criticality during construction of CP-1. From 
E. Fermi, American Journal of Physics, Vol. 20, p. 536 (1952), by cour- 
tesy of the Journal. 


(3) Well before the pile approached criticality, cadmium ab- 
sorbers were placed in the pile to keep it well shut down during 
assembly; they were removed cautiously when measurements were 
to be made. 

(4) When nearing criticality, an additional BF, counter and 
three BF, ionization chambers were set up to monitor the pile. 
One ionization chamber was battery operated, so as to remain 
functional in case of power failure. 

(5) To ensure that criticality could not be reached inadvertently, 
the point at which it would occur was forecast by extrapolation 
of measurements plotted as in Fig. 2.3. This extrapolation gives 
a clear-cut value; an attempt to extrapolate Fig. 2.2 would not. 
The procedure depends on the following reasoning. Suppose a 
spherical pile were being built by adding concentric layers to the 
outside, and it happened that k,, was exactly unity for the lattice 
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being used. It can be shown theoretically, in this case, that the 
activity A at the centre, is proportional to R?, where R is the radius 
of the pile. If, however, k,, > 1 (as is necessary for k,4, to become 
unity for a finite radius) the activity for a given FR is greater than 
for k,, = 1, and the more so the nearer to criticality. At the critical 
radius, A increases to infinity and R?/A becomes zero. A plot 
of R?/A against R therefore gives a set of points from which 
criticality can be forecast by extrapolating the curve until it cuts 
the axis. An approximation was used to calculate the radius FR.» 
of an equivalent sphere from the actual shape of the partially 
finished pile. It is R2,/A that is plotted in Fig. 2.3. 





Fig. 2.4. Sketch of completed West Stands Pile (by Melvin Miller). 
By courtesy of the Argonne National Laboratory. 


The finished pile was intended to be approximately spherical 
in shape in order to make the ratio of surface to volume a minimum, 
and so retain as many neutrons as possible in the core. It was also 
intended to put the best materials near the centre of the pile, 
where the neutron flux is greatest, and where, therefore, impurities 
are particularly to be avoided. It was thought that very little 
spare multiplication was in hand, but in fact conditions proved 
to be more favourable than had been supposed, and criticality 
was reached sooner than expected, at the fifty-seventh layer, 
with the result that the completed pile had a truncated top. 
19,480 fuel elements went into the pile, mostly pseudospheres 
(cylinders with bevelled edges) of compressed uranium oxide, each 
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weighing 4-7 lb. They were in cubical array, with a lattice spacing 
of 8} in., and the effective polar radius of the completed core was 
10 ft 2 in., the effective radius at the equator being 12 ft 9 in. 
The graphite was extended 1 ft outside the core to scatter back 
some neutrons that would otherwise be lost. The fuel elements 
were unclad, and there was no cooling. The whole structure was 
supported on a wooden framework, and was built in a squash 
court in the West Stands of the University football stadium. The 
appearance of the pile is shown in Fig. 2.4. 


Operating the Pile 


The pile, known as CP-1, was first operated on 2 December 
1942, and run up until generating half a watt of heat, as estimated 
from the neutron flux. It was provided with safety rods of cad- 
mium and a regulating rod of boron-steel, with remote indication 
of the extent to which they were withdrawn. The regulating rod 
could be moved slowly, either in or out, by electric motors con- 
trolled either manually with a Variac or automatically from the 
BF, ionization chambers so as to maintain the level of activity 
constant. Two safety rods, pulled into the pile by weights when a 
catch was released, were triggered when the activity exceeded a 
specified limit, and were prevented by an interlock from being 
withdrawn again until the electrical circuits agreed that it was 
safe to do so. Additional cadmium strips could be inserted into 
the pile so as to leave no doubt that the pile would remain shut 
down when this was important. When all absorbers were removed 
from the pile, the reproduction ratio was 1-0006. 

The pile was started up by pulling all safety rods except one 
out of the core, with the regulating rod in an intermediate position, 
then pulling out the last safety rod in small steps, watching the 
reaction intensity. A steep rise indicated close approach to criticali- 
ty, and each successive rise continued longer before reaching the 
new, much higher, steady level. Correspondingly, the closer to 
criticality, the more sluggishly did the pile respond to a decrease 
in ky When the regulating rod was pushed in. Let us examine 
how this sluggish behaviour just below criticality comes about. 

Suppose a reactor contains a neutron population nj with 
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reproduction ratio ky < 1 which is changed to a new value k’ 
for which ky < k’ < 1. Since the reactor has not yet gone critical, 
the neutron population is derived from natural neutrons (arising 
from spontaneous fission and cosmic rays) and is made up of the 
survivors of a succession of previous generations. The nearer k 
is to unity, the more survivors there are in each generation, and 
the longer it takes for the progeny of a given parent neutron to 
die out; the further back, therefore, must one look for the origin 
of some of the neutrons in a given population. Expressed mathe- 
matically, the series ” +nk + nk? + nk? +... converges more 
slowly as k approaches unity: one must take account of more 
terms to get a given approximation to the sum. Now, when &, 
becomes k’, there is a lag before m, reaches its corresponding 
value n’, because of the persistence of past conditions through 
survival of the progeny of neutrons introduced into the pile at a 
time previous to the change in k; furthermore, the nearer ko is 
to unity, the longer will be the persistence, and the more sluggish 
the change. If only prompt neutrons were concerned, the genera- 
tions would follow each other so quickly that the reactor response 
would still be quite rapid even near criticality, but the existence 
of delayed neutrons makes the reactor really sluggish in this 
condition, because, as we shall now show, the delayed neutrons 
become more important as criticality is approached. 

We put k=k, +k, where the subscripts refer to prompt 
and delayed neutrons, respectively, and, of course, k, >> k,. The 
neutron population is now represented by the series 


+n (ky +a) +0 (Ry + ha)? + (Ry + ha)? + (Ry + halt +. 
Expanding, and rearranging, we get 
n(l + ky + hy + hy t+ hp +.--) 

+ nha(1 + 2k, + 35 + 4h5 +...) 

+ nk2(1 + 3k, + 6A5 4+...) 

+ nk&(1 + 4k, +...) 

+ nkg(l +--+) 
= 
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The first series represents generations that have never had a 
delayed neutron as ancestor, the second series generations having 
had one delayed neutron in their ancestry, and so on. Write the 
first series as wP, the second as nk,D and the sum of the higher 
order series as R, so that the neutron population is represented by 
nP + nk,D + R 
where 
P=1+h,+h2+ 88+... 
and 
D=1+2k, + 3h24 4h3 +... 

Note that the 7th term of P represents the same generation as 
the (y — 1)th term of D. We are interested in the case of near 
criticality for which k, is not much less than unity, when the 
series converge fairly slowly. Let us therefore pay attention to 


neutrons of not too distant ancestry, and take the sum as far as 
y generations ago. We then have 


D, = 1+ 2k, + 3k2 +... 2. bk 
To sum the series, integrate term by term, obtaining 
[D, deg = het RB tMt... tk 
whence, multiplying by &,, 
hy [D.dky= M+R... 11. B+ IM 
and, subtracting the two series, 


(1 — &,) | D.dk, = ky — ASH 





so that 
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We have also 
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This expression represents the ratio of the importance of once- 
delayed neutron ancestry to the importance of wholly prompt 
neutron ancestry in contributing to present neutron population, 
ignoring neutrons with more than 7 generations in their ancestry. 
If the pile is just subcritical then k, = 1— k,—e, where kg + «is 
a small positive quantity. It is found that the importance ratio 
approximates to 47k, for kg + € small. We see that the farther 
back into neutron ancestry we go, the more important the once- 
delayed ancestry becomes. Going back 2/k, generations, wholly 
prompt and once-delayed ancestries are equally important. Going 
further back, delayed ancestry becomes the more important, and 
multiply-delayed ancestry begins to assume importance. 

Delayed neutrons consist of several groups having different 
delay times but, on the average, are associated with a half-life 
of the order of 10 sec. The delayed neutrons from uranium-235 
make up 0-75 per cent of the total number of fission neutrons. 
For kw 1, therefore, k, ~ 0-0075, and 2/k, comes out to be 267 
generations. This may seem to be a long way to have to go back 
in ancestry before the stage is reached of once-delayed ancestry 
being of the same importance as wholly prompt, but the time 
interval between generations is short. The interval for prompt 
neutrons is about 1 msec, so 267 generations of prompt neutrons 
are born and die in about 0-25 sec. In the case of once-delayed 
neutrons, the time is of the order of 10 sec; for neutrons delayed 
in every generation it would be of the order of 1 h. 

Creeping up to criticality there are nearly as many neutrons 
in any generation as in the preceding one; it is only after many 
generations that the contribution of further ones to the total 
number of progeny of a cosmic ray or spontaneous fission neutron 
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becomes unimportant. Stray neutrons are multiplied very many 
times by fission to make up the neutron population in the pile, 
and most neutrons present at any time must look a long way 
back to their first ancestor, the stray neutron; just how far back 
depends on how near ky, is to unity. The question now is, how 
close must one work in the last stages of bringing a reactor up to 
criticality. 

If Rog = 1-0075, then k, = 1-0000, and the reactor is prompt- 
critical, and dangerous. A change of 0-0075 in /,,, takes the reactor 
from just delayed-critical to prompt-critical, and must therefore 
be regarded as a large change in this parameter. A change of 0-001 
must be treated as an important change. Let us therefore consider 
the two cases of hk, = 0-999 and ky, = 1-001. 

If Ret = 0-999, each stray neutron gives rise to progeny 
numbering 1/(1 — 0-999) = 1,000. To count this number of 
progeny, even approximately, one must include several thousands 
of generations. It follows that delayed neutrons are very important 
when considering the build-up of neutron population under these 
conditions. They will be important when changing the value of 
hk. in this region, and make the reactor sluggish when it is close 
to criticality. 

If Rg = 1-001, then k, = 0-9935, and each neutron gives rise 
to progeny in which those of wholly prompt ancestry number 
1/(1 — 0-9935) = 155. They are, therefore, far fewer than the 
total progeny of one neutron when &,, = 0-999, and cannot 
contribute much to the unlimited rise of neutron population that 
follows the appearance of the delayed neutrons. With k,,, = 1-001, 
this rise must await the delayed neutrons. Since the delay in the 
appearance of a generation is of the order of 10 sec, the reactor, 
though not necessarily sluggish, will be sufficiently slow in response 
to be controllable. 

To show how important the delaying action of the 0-75 per cent 
of neutrons is, we shall now calculate what would happen at. 
ky = 1-001 if all the neutrons were prompt. Let us make the. 
calculation a little more general. Suppose the reactor is operating 
steadily at k,~ = 1, and then suddenly made supercritical with 
hy = 1 + 6, where 6 is small. Let the prompt generations follow 
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each other after a delay J. After 7 generations the neutron popula- 
tion ,) will have increased to = m)(1 + 6)’, and this requires 
a time ¢ = 7l. Taking natural logarithms, and expanding in a 
series, we find 


log. —- = r loge (1 +9) 
No 





hy ea ere, 
l 2 3 
t6 
i 7 
so that 
N= Net ; 


and the number of neutrons increases by a factor e = 2-718 
ina time 1/6. ke = 1-001 makes 6 = 0-001, and since / ~ 10-3 sec, 
1/5 ~ 1. The number of neutrons would, therefore, more than 
double each second if they were all prompt, and the’ reactor 
would be much too lively for easy control. It is very fortunate 
that, in fact, some of the neutrons are delayed. 

Returning now to the West Stands pile, it was found to be 
perfectly safe to pull all control rods right out of the pile. The 
value of k,;, was then 1-0006, well below prompt-critical at 1-0075, 
and the activity took about one minute to double. The pile was 
usually taken up to the required level this way; when the level 
was attained, the regulating rod was pushed in quickly to make 
ks; = 1. Thereafter, to hold the level, small movements sufficed 
to correct small changes in 2,4, the most important of which 
arose from changes in barometric pressure. The pile took hours 
to settle down after making small displacements of the order of a 
centimetre in the position of the regulating rod when near criticali- 
ty, the formula 


115 min 


displacement in cm 


giving the doubling time. An emergency shut-down by the safety 
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rods, or ‘scram’, took 2 sec, and was triggered from any of three 
BF, ionization chambers, and by power failure. 

The pile level was run up to 200 W on 12 December. Measure- 
ments of the radiation from the pile on this occasion showed that 
for continued operation shielding would be necessary to protect 
personnel. There was also danger to be feared from the escape 
of radioactive gases and vapours from among the fission products 
accumulating as the pile worked. It was therefore dismantled, 
and rebuilt with concrete shielding and extraction ventilation, 
at the Argonne Laboratory in Chicago. The rebuilt West Stands 
pile, known as CP-2, is shown with the interior exposed, in Fig. 2.5. 
It could be safely operated at 100 kW for short periods. 


Thermal Column 


The continuation of the graphite structure in CP-2 upwards 
forms what is known as a thermal column, and is used to get 
slow neutrons out of the pile for experimental purposes. For about 
30 years physicists have been familiar with the idea that electrons, 
protons and even molecules, which are normally encountered 
behaving like particles, also behave like a wave motion when 
moving about. These particles, and the neutron, can be diffracted 
like a beam of light or X-rays, they have a wavelength which is 
given by Planck’s constant divided by the momentum of the 
particle; the slower the particle, the longer the wavelength. The 
wavelength of neutrons with thermal velocities is comparable 
with the distance between the lattice planes of a crystal, and a 
crystal can be used as a diffraction grating for them; a fact that 
enables neutron spectrometers to be built. If, however, the wave- 
length is too long, no direction of diffraction will give reinforcement 
of the secondary waves scattered by the individual atoms in the 
crystal, and no diffraction occurs. For neutrons in graphite, this 
happens at a speed corresponding to thermal agitation at 22°K. 
The crystals of graphite are arranged at random in the thermal 
column; many of them will be so oriented as to diffract neutrons 
out of the column as they ascend, but sufficiently slow neutrons 
will not be lost in this way and can reach the top of the thermal 
column, The arrangement produces a beam of very slow, i.e. cold 
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Fig. 2.5. Perspective scale drawing of the arrangement of CP-2. The in- 

dividual graphite blocks can be seen; the fuel elements are too small to 

appear in the drawing. From R. Stephenson, Introduction to Nuclear 

Engineering. Copyright, 1958. McGraw-Hill Book Co., Inc. By courtesy of 
the author, McGraw-Hill and the Argonne National Laboratory. 


neutrons; in the limit a neutron temperature of less than 22°K 
can be obtained. The thermal column illustrated is surmounted by 
a sheet of cadmium to absorb those neutrons that would otherwise 
leave the column at the top, when these are not required for 
experimental purposes. 





CHAPTER 3 


The Industrial Power Reactor 


The success of the West Stands experiment was followed by 
intensive development of the natural-uranium graphite-moderated 
pile to produce plutonium. The maintenance of a chain-reaction 
in such a transmutation pile involves the production of heat, and 
only a little can be done to favour plutonium at the expense of 
heat. Heat was looked upon as a by-product in the early piles: 
their cooling systems were designed simply to remove the heat 
which was then got rid of. The design of piles from which heat 
can be extracted at a high temperature, and then converted into 
power with reasonable efficiency, had to wait until after the 
development of the fission bomb and the end of World War II. 

A pilot plutonium production pile was built at Clinton, Tennessee. 
It was air-cooled by forced draught, and operated for a while 
at 500 kW; improvements eventually brought this up to 4,000 kW. 
The fuel was in the form of cylinders of uranium encased in alu- 
minium so as to retain fission products and protect the uranium. 
The cylinders were slid into long horizontal holes passing through 
the graphite moderator which was built up into a large cube. 
The plutonium output was reckoned in grammes per week. 

The first full-scale plutonium production piles, or convertor 
piles, so-called since they use up fissile uranium-235 in order to 
make fissile plutonium-239 from fertile uranium-238, were 
constructed at Hanford, an isolated locality in the State of Washing- 
ton. They were originally intended to be helium-cooled, but this 
was later abandoned in favour of water-cooling. The wastage of 
neutrons through absorption by hydrogen in water is greater than 
the wastage in helium, but the engineering difficulties in using 
water were judged to be less formidable. The coolant pipes were 
of aluminium. Three reactors were built at Hanford during the 
war; the plutonium output and power rating have not been 
disclosed. The worst technical problem associated with the 
Hanford piles was that of sealing the uranium slugs in protective 
metal jackets. The jackets had to protect the uranium from 


a1 
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corrosion by the water coolant, stop fission products from escaping 
into the water, and transmit heat efficiently from slug to water 
but, at the same time, not absorb too many neutrons. Alternative 
methods of sealing were developed simultaneously but until the 
last moment there was no certainty that any would be successful. 
A final minor but, as it turned out, important modification in 
the method used for one of the jacketing processes under in- 
vestigation was found satisfactory, and was adopted. The process 
was one of mechanical jacketing, or ‘canning’, in thin aluminium, 
and it proved completely reliable. This was very fortunate, 
because the failure of a single ‘can’ may necessitate the complete 


shut-down of a pile. 


Post-War Development 


After the war, work continued in the U.S.A. on convertor piles, 
and in the U.K. two large air-cooled plutonium producing piles 
were built at Sellafield, known as the Windscale piles. Convertor 
piles are presumed to have been built in the U.S.S.R., but even 
their location is unknown. 

Reactors for experimental purposes and for isotope production 
have been built in Canada, the U.S.A., the U.K., the U.S.S.R. 
and other countries, and the development of fission reactors for 
power production is now well advanced. 

The first generation of electricity from nuclear energy is believed 
to have been in December 1951, when 200 kW were obtained from 
the Experimental Breeder Reactor (EBR) at Arco, Idaho. The 
first power put to industrial use was generated by a 5 MW pilot 
plant in the U.S.S.R. on 27 June 1954, the reactor producing 
30 MW of heat. It was graphite moderated and used a fuel con- 
sisting of 95 per cent natural uranium enriched with 5 per cent 
uranium-235 from an isotope separation plant. Increasing the 
proportion of fissile uranium-235 makes it possible to reach 
criticality with a much smaller core, only half a ton of enriched 
uranium being required for the initial charge. The heat was 
removed from the reactor by a flow of water pressurized at 1,400 
Lb/in? to prevent steam formation; the heat was then transferred 
from this primary circuit, using a heat exchanger, toa secondary 
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circuit, in which water was allowed to boil. The steam so formed 
was used to drive a turbo-alternator. By using a heat exchanger, 
the turbines are protected from becoming radioactive, although 
the water that passes through the reactor is rendered radioactive 
by the absorption of neutrons in 180 to give the radioactive isotope 
of nitrogen 16N of half-life 7-3 sec, by absorption in the scarcer 
isotope of oxygen 180 to give the radioactive isotope 18O of half- 
life 29 sec, and by the activation of impurities in the water. 

In the U.S.A., where large resources of conventional power at a 
relatively cheap cost remain available, the first nuclear power 
plant to be built was designed for the nuclear propelled submarine 
Nautilus. Again an enriched uranium reactor, cooled with pres- 
surized water, was chosen. The success of the installation is 
evidenced by the remarkable feat of the Nautilus in making a 
North Polar crossing beneath the ice-cap. 

The Nautilus was followed by the commissioning of the first 
nuclear electrical generating station solely for industrial use, at 
Shippingport, Pennsylvania, at the end of 1957, the design being a 
development of the Nautilus type of power plant.* The cost of 
the power, however, was not (nor intended to be) competitive. 
The pressurized-water reactor (P.W.R.) has been the first choice 
in both the U.S.A., where the water is used as the moderator, as 
well as the coolant, and in the U.S.S.R., where graphite is used 
as the moderator, but great attention is now being paid in the 
U.S.A. to the type in which the water coolant is allowed to boil, 
and so generate steam within the reactor core. More usually, 
graphite has been the material of choice for the moderator, 
except in Canada, where heavy water moderated natural-uranium 
piles are favoured.** 

Development in the U.K. has been mainly concentrated on 
another type of power reactor; the advanced stage already 


* Nucleonics, April 1958; Nuclear Engineering, Vol. 3, pp. 229 and 
233 (1958). 

** The state of world advance into nuclear power production after the 
second Geneva Conference is summarized by Sir John Cockcroft in Nature, 
London, Vol, 182, p, 1384 (1958). National programmes for the development 
of nuclear power are reviewed in Nuclear Engineering, Vol. 3, p. 419 (1958). 


34 BASIC PRINCIPLES OF FISSION REACTORS 


reached testifies to the preferred type having been well chosen. 
The first major power plant to generate power on an industrial 
scale is situated at Calder Hall in Cumberland. It was connected 
to the grid distribution system at the official opening by H. M. 
Queen Elizabeth on 17 October 1956. The completed power 
station, or, more correctly, twin power stations, each with two 
reactors, is rated at 2 x 77 net electrical MW output. This is 
lower than it might have been, because the reactors were designed 
for the dual purpose of raising steam and manufacturing plu- 
tonium. 

The characteristic feature of the Calder Hall type of reactor 
is the use of carbon dioxide gas under pressure to extract heat 
from the reactor core. When this choice was made it appeared to 
involve a minimum of unsolved problems, and a reactor design 
which is not inherently unsafe, this being a serious disadvantage 
of the Hanford type of natural water-cooled pile (though these 
can now be designed to be inherently safe). Hydrogen absorbs 
slow neutrons fairly strongly to give heavy hydrogen (deuterium) 
and a gamma ray; on this account natural water in a reactor core 
reduces the neutron reproduction ratio. If, for some reason, ©.§. 
boiling resulting from pump failure, water should be lost from the 
coolant tubes in the core, the reactivity rises. This can occur to 
an extent which, if sudden, may endanger the reactor. For this 
reason the Hanford piles were built in a remote part of the country. 
With carbon dioxide as coolant, the only significant effect of loss 
from the system would be overheating, and this tends to shut 
down a natural-uranium/graphite pile, because its temperature 
coefficient of reactivity is negative, and so restrains the rise in 
temperature. There is no danger of the reactor ‘running away’. 
Gas-cooling is not very efficient, however, but this was acceptable 
in a reactor intended to function more as a convertor than for 
the generation of electrical power. Improved engineering design 
of carbon dioxide cooled reactors nevertheless now promises much 
greater scope for increasing efficiency than was foreseen when 
the choice was made. 

Recalling that only the **°U isotope in natural uranium is 
fissile, and that it amounts to only 0-71 per cent of the whole, 
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it is apparent that a reactor in which the fuel is natural uranium 
will be much larger than one fuelled with pure uranium-235. In 
the first place each pound of uranium-235 in natural uranium is 
accompanied by 140 lb of uranium-238, and this, to a first ap- 
proximation, is non-fissile, though a little fission in the uranium- 
238 is brought about by neutrons ejected from uranium-235 
before they have been slowed down by the moderator. This fast 
fission, however, is much more than offset by the wastage of 
neutrons captured in the uranium-238. The presence of the latter 
therefore calls for more uranium-235, with the accompanying 
uranium-238, to be assembled before a pile can become critical. 





l‘ig. 3.1. Artist’s impression of the pile buildings at Chapelcross. By 
courtesy of the U.K.A.E.A. 


l‘urthermore, a great bulk of moderator is required, in addition 
to the fuel elements. The result is to make a natural uranium pile 
large and heavy; the civil engineering alone involved in building 
a power reactor of this type is formidable. All this can be avoided 
if the uranium-235 is separated from the uranium-238 by gaseous 
diffusion (strictly effusion) of uranium hexafluoride, or otherwise 
but very large and costly plant is required to achieve the separa- 
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Fig. 3.2. One of the twin power stations of Calder Hall. By courtesy of the U.K.A.E.A. 
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tion. In the U.S.A. a separation plant was built at Oak Ridge, 
Tennessee, to make uranium-235 for fission bombs; it conswmed 
238 MW. The availability, since the war, of separated uranium-235 
for civil purposes, and of natural uranium enriched in uranium-235, 
has influenced American power projects away from the large 
natural uranium pile. Briefly, one has the choice of a large separa- 
tion plant to supply fuel for a small reactor, or a large reactor.* 
In the U.S.A. a large separation plant had already been built 
when the power programme began; in the U.K. it had not: this 
forced the choice of the large natural uranium pile. Just how large 
these may be can be seen from Fig. 3.1 which is a sketch of the 


buildings which house the four reactors of Calder Hall type at 
Chapelcross in Scotland. 
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Fig. 3.3. Layout of Calder A. By courtesy of the U.K.A.E.A. 


One of the twin power stations of Calder Hall is shown in 
lig. 3.2. The purpose of the several structures can be identified 
from the layout in Fig. 3.3 and the functional diagram of a nuclear 
power station of this type is given in Fig. 3.4. 

Ina fission reactor, 85 per cent of the energy** appears as kinetic 


* The large reactor needs a small chemical plant to extract the fissile 
plutonium produced, if this is to be recovered. 

** Energy released in fission minus energy escaping with neutrinos plus 
energy released in neutron capture. 


Ti 
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energy of the fission fragments, and is reduced to heat quite near 
the parent atom. This heat appears, then, in the fuel elements. 
Of the total energy, 24 per cent starts as kinetic energy of emitted 
neutrons; these are slowed down mainly in the moderator, and 
the heat appears there. When the neutrons are captured, gamma 
rays are emitted and this accounts for 3 to 4 per cent of the total 
energy; gamma rays emitted during fission account for another 
24 per cent, and from the radioactive decay of fission products 
3 per cent. The contribution from gamma rays therefore amounts 
to about 9 per cent. Since gamma rays are very penetrating, 
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Fig. 3.4. Schematic diagram of gas-cooled nuclear power station. 


their heat will be distributed throughout the core, unless some 
escapes altogether. There is also 34 per cent associated with 
beta rays from the decay of fission products. The latter are tem- 
porarily retained by the fuel elements, and beta rays are not very 
penetrating. Most of this energy, therefore, is to be added to the 
fission fragment energy, to obtain the amount liberated in the 
fuel elements, giving a total of 884 per cent. We see that the 
cooling shotild be arranged to remove heat preferentially from the 
fuel elements. The simplest way of doing this is to make the 
diameter of the fuel channel in the moderator greater than the 
diameter of the fuel ‘rod’, and circulate gas through the annulus. 
It is always necessary to protect the uranium metal with some 
form of cladding when running a pile at power; the cladding also 
serves to prevent fission products from spreading throughout the 
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pile. For continued high-power operation it is also periodically 
necessary to get rid of these fission products. It may not be 
necessary to protect the graphite from the coolant; this is not 
done in air-cooled piles. If a pressurized coolant is used, and 
it can be allowed to come into contact with the graphite, éne has 
the choice of passing it through tubes containing the fuel elements 
or pressurizing the whole reactor core. The second aierlive 
has the merit of avoiding wastage of neutrons by absorption in 
the material of the coolant tubes. Absorption in different materials 
is usually quoted in terms of absorption cross-sections, and the 
definition of cross-section is useful in a wider context so we shall 
pause to consider just what it means. 


Nuclear Collision Cross-Sections 


The idea of collision cross-sections comes froma purely geometrical 
consideration, that of the collision of spheres in relative movement. 
Suppose, first, that we have a slab of thickness dx and area A, 


ox 
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Fig. 3.5. Derivation of cross-section. 





as shown in Fig. 3.5, containing a single sphere of radius 7,, where 
r, is very small (strictly, small compared with 6a), somewhere 
within it, and suppose another sphere of radius small compared 
with the first is projected through the slab perpendicular to its 
face. The chance of the second sphere hitting the first is clearly 
my /A. If the second sphere has radius 7, comparable with 7,, it 
is easily seen that the chance of a hit becomes a(r, + 7,)2]A 
because if the centres of the spheres come within a distance 7 as 
of each other, a collision occurs, but not otherwise, If dere are 


40 BASIC PRINCIPLES OF FISSION REACTORS 


N spheres per unit volume, and the spheres only occupy a small 
fraction of the volume, the number of spheres in the slab is 
NAox, and the chance of a collision aN (r, + 72)?6x. If, now, ” 
spheres are incident on the slab, and 2 + (dn/dx)da emerge 
uncollided, there will have been anN (r, + 7)? 6a collisions and 
we have 

du 


— — $4 = anN(r, + 72)? 6x 
da 
Thus 
dn ‘ 
— = —anN (1 + 72)? 
da 
whence 
n= Ny eo tN (ratte)? 


and we see that the number of uncollided spheres falls off ex- 
ponentially. The number of collisions in a slab of finite thickness 
X is 
a 2 
| on, N (ry +12)2@ 7? de 
=n,(1 — en 7N (rts)? X) 
If now we consider spherical incident particles which are ab- 
sorbed when collisions occur, the equation 
n= Ny en tN (ry tra)? x 
gives the way in which the number of particles falls off with 
distance. Compare this equation with [ = if »e “ which is familiar 
as representing the absorption of X-rays In matter, Le being the 
absorption coefficient. The two correspond exactly if we identify 
N with the number of quanta in a beam of intensity J and given 
wavelength, provided aN (7% + 7,)2 is identified with u, the 
absorption coefficient at that wavelength. The physical process 
of X-ray absorption is certainly not like the collision of spheres, 
but the amount of the absorption is exactly accounted for by this 
geometrical picture. Conventionally, one associates all the target 
area with the atoms in the slab, each atom being said to have a 
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‘cross-section’ 2(7, + 7,)?. The total target area per unit volume 
is aN(r, + 7,)2. Rather illogically, it is called the macroscopic 
cross-section — it is measured in units of cm-!.* We shall see 
on page 99 that it is the inverse of the mean free path. x(7, + 72)? 
is distinguished by being called the microscopic cross-section — 
it is measured in units of cm?. 

Provided we realize that we are speaking only of how often 
events occur, and not of the mechanism of their occurrence, we 
may generalize the idea of cross-sections to include cross-sections 
for scattering of both radiation quanta (photons) and neutrons, 
dividing the cross-section into the two components of cross-section 
for scattering with, and cross-section for scattering without loss 
of energy, since the two cross-sections represent mutually exclusive 
probabilities, and may therefore be added. Similarly we may define 
cross-sections for the absorption of neutrons with and without 
fission. During the war, when the value of nuclear microscopic 
cross-sections involving neutrons was a closely guarded secret, 
they were expressed in terms of the code-word ‘barn’ which 
represented a unit of 10-** cm?; the name proved convenient, 
and is now in general use. Different nuclear cross-sections as 
measured experimentally range through many orders of magnitude 
on either side of the nuclear cross-section calculated from the space 
occupied by the neutrons and protons; this emphasizes the purely 
formal nature of the conception. 

In applying the idea of cross-sections to scattering processes, 
we must remember that the definition envisages circumstances 
in which the particle disappears after collision; if, in fact, it does 
not, it must thenceforward be reckoned as a new particle. For 
example, if we have a narrow beam of particles passing through a 
scattering foil, and limited by apertures both before and after, 
particles scattered from the beam will be lost from it, and the 
macroscopic scattering cross-section may be regarded as being 
like an absorption coefficient, but if there are no apertures, and 
the beam is wide in extent, particles scattered out of one part of the 


* It is commonly represented by the symbol © which will only be used 
in this book as a summation sign, 
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beam will reappear in another, and the situation is more com- 
plicated. In the first case the falling-off in intensity due to scatter- 
ing is exponential, in the second case it is not. If we havea charged 
nucleus such as an alpha particle or fission fragment shot at high 
speed through matter, its progress is retarded by a multitude of 
collisions before being brought to rest as a normal atom — when 
it no longer counts as an alpha particle or ionizing fission fragment. 
In this case there is nothing even remotely resembling exponential 
absorption: the particles have a quite well defined range. 

Experimental values of the absorption cross-section ¢, for slow 
neutrons are given in the Appendix, Table IV. We see that oxygen 
and carbon are the only two freely available elements that can 
be incorporated in a reactor core while keeping the neutron wastage 
to a minimum. That this can be done is, of course, already familiar 
from the fact that a natural uranium pile can go critical with a 
graphite moderator and the uranium in the form of oxide. Since 
neutron absorption is a property of the nucleus, and therefore un- 
affected by chemical combination, carbon dioxide at once presents 
itself as a strong candidate for coolant. 


Calder Hall * 


A crucial question when carbon dioxide was being considered 
as coolant was whether the hot gas would react with the hot 
graphite in the presence of intense radiation, and so cause trouble, 
if the gas was circulated through the moderator in contact with it. 
Carbon dioxide reacts with carbon to form carbon monoxide, and 
the reaction is reversible. Graphite might, therefore, be eroded in 
one part of the moderator, with the formation of a highly poisonous 
gas, followed by carbon being redeposited in another part of the 
moderator, or elsewhere. The question is whether these processes 
occur to a prohibitive extent or not, bearing in mind that extremely 
little transference of carbon can be tolerated. Delicate experiments 
had to be undertaken in order to settle this question; the results 
were favourable, and they have been confirmed by experience 


* Nucleonics, Dec. 1956; Nuclear Engineering, Vol. 1, No. 7 (1956); and a 
more popular account in Jay, K. E. B. Calder Hall. 1956. London; Methuen. 
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when operating the completed reactor. The choice of carbon 
dioxide, then, permits coolant tubes to be dispensed with inside 
the core, with a consequent saving of neutrons. This saving can be 
credited when choosing cladding for the fuel elements, so helping 
in another major design problem. 

In the Harwell and Windscale piles aluminium had been used 
for cladding; the aluminium must be free from manganese, to 
keep the absorption cross-section low. Magnesium was reputed 
to have a higher neutron absorption cross-section than aluminium, 
and poorer mechanical strength at high temperatures. Somebody 
guessed, however, that this was based on unreliable figures, and 
that magnesium was actually better than aluminium: reinvestiga- 
tion proved it to be the case. In principle, magnesium can react 
exothermally with carbon dioxide, but it was found experimentally 
that burning did not occur under reactor conditions because the 
corrosion of magnesium by carbon dioxide leads to the immediate 
formation of a thin protective layer which stops the reaction from 
proceeding further. It was found, moreover, that magnesium 
alloyed with a little beryllium, together with other metals, was 
extraordinarily corrosion resistant. After extensive investigation, 
a range of magnesium alloys containing beryllium, calcium and 
aluminium, known as the ‘Magnox’ alloys, was developed, and one 
of these adopted for the cladding. 

A method of canning the uranium slugs was finally developed 
which fulfilled the difficult and conflicting requirements: strength 
at high temperatures, good heat transfer, small neutron absorption 
and negligible corrosion. The cylindrical cans were provided with 
external fins to assist heat transfer to the coolant. On theoretical 
grounds it was supposed best to have these longitudinal, but this 
arrangement proved to be incapable of dissipating enough heat; 
circumferential fins were therefore tested, and found, surprisingly, 
to be better. They were adopted ad hoc, and the explanation of 
their better performance subsequently investigated. This proved 
to be due to the formation of a pair of coupled vortices in the gas 
between neighbouring fins, as shown in Fig. 3.6, The vortices make 
for deep scavenging between the closely spaced fins, and so enable 
a larger fin area to be effectively employed. 
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Fig. 3.6. Diagram illustrating coupled vortices between fins of Calder 


Hall fuel elements. By courtesy of the U.K.A.E.A. 


The choice of carbon dioxide as coolant, and magnesium- 
beryllium alloy as cladding, simplified the arrangement of the 
core, and helped the neutron economy, the latter being most 
important when designing a natural-uranium/graphite pile, but 
it led to the problem of enclosing the core in a pressure vessel. 
It appeared that this involved going beyond the limits of current 
engineering practice. The construction of the pressure vessel thus 
became a limiting factor on design. It was so large it had to be 
fabricated by welding on site, and subsequently stress-relieved 
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there. This limited the thickness of steel to 2 in, and hence the 
working pressure to 100 Lb/in?. The enormous pressure vessel, 
40 ft in diameter and 60 ft high, required annealing at 550°C 
for eight hours, followed by slow and even cooling. To reach the 
annealing temperature, 14 MW of heat were dissipated by an 
electric furnace built temporarily inside the pressure vessel. 
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Fig. 3.7. Schematic diagram of gas-cooled vertical core. 


The shape of the core was chosen to suit the pressure vessel. 
It is a vertical cylinder, and is shown in Fig. 3.7. Both fuel ‘rods’ 
and control rods are inserted and removed at the top. This ar- 
rangement has the following advantages. 

(1) The core, weighing 1,400 tons, can be supported from below, 
and without the supports getting in the way of the fuelling and 
control gear. 

(2) Misalignment of the fuel channels, due to distortion of the 
moderator under its own weight, and because of thermal ex- 
pansion, is a minimum. 
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(3) The surrounding pressure vessel is a good shape, and requires 
a minimum of tubes welded to it for fuelling and for housing 
control rods. These, and the gas ducts, weaken the structure, 
and welds between them and the main body are difficult to design 


and execute. 
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GAS INLET 
Fig. 3.8. Calder Hall primary coolant circuit. 
By courtesy of the U.K.A.E.A. 


(4) The arrangement leads to a convenient layout for the ducts 
to the heat exchangers. This layout is shown in Fig. 3.8. 

(5) The same control rods can serve both as regulating and 
safety rods. For regulating the power level they are moved up 
and down by electric motors mounted at the top of the standpipes 
where it is relatively cool, but they are held to the drives by 
electromagnets which let them fall under gravity into the core 
when the magnet current is interrupted. 

A disadvantage of the vertical arrangement is that the fuel 
elements stand upright, and have to support their own weight 
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when hot. It was feared that this would lead to trouble, and in 
fact it did, the elements losing their straightness and tending to 
jam in the channels. This ‘bowing’ has been eliminated by longi- 
tudinal bracing of the cans. 
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lig. 3.9. Cut-away diagram of Calder Hall reactor. From K. E. B. Jay, 
Calder Hall. By courtesy of the U.K.A.E.A., Methuen Ltd. and the author. 


The arrangement of the core inside the pressure vessel is shown 
schematically in Fig. 3.9, but in fact there are 1,696 vertical 
channels in the graphite. These are serviced in groups through 106 
steel standpipes. There are special machines for loading and un- 
loading the fuel elements when the reactor is shut down and the 
pressure released. The core rests on a steel grid * supported by 


* Known as the ‘diagrid’, This word was originally a typographical error, 
but became generally adopted, 
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brackets welded to the inside of the pressure vessel; coolant 
passes up through holes in the grid, and then up the fuel channels. 
Circulating the gas upwards through the core means that the 
supporting grid, and the bottom ends of the fuel elements which 
are the more highly stressed, are in the coolest part of the gas 
stream; moreover, the blowers can be at ground level, and also 
handle the gas when at its coolest. The grid has to take the weight 
of 1,400 tons without bending more than } in. at the centre; 
designing it involved the solution of 35 simultaneous equations 
which was done with an electronic computer. The pressure vessel 
is carried by supports designed so that the expansion and con- 
traction resulting from temperature changes is taken up by a 
rolling motion. A glance at Fig. 3.8 will show that the need to 
minimize stresses from temperature changes is not confined to 
the main pressure vessel: the ducts and heat exchangers are 
subject to big temperature variations. Hinged steel bellows were 
therefore designed and incorporated in the ducts. 

Somewhat different considerations influence the design of a 
pile cooling system depending on whether the pile is to be used 
for plutonium production or power generation (or both). The 
rate of plutonium production depends quite simply on the heat 
generated; to get rid of this heat one wants a large temperature 
gradient between the uranium slug and the coolant, so it helps 
if the rise in temperature of the coolant on its way through the 
core is kept low. On the other hand, efficient utilization of the 
heat generated in the pile can only be achieved in the turbines 
if the temperature of the coolant is allowed to rise to a high value, 
because thermodynamic considerations impose a limit on efficiency 
equal to (I, — T,)/T1, where T, and T, are the absolute tem- 
peratures of the steam as it enters and leaves the turbines. For 
this reason it may pay to some extent to circulate the coolant 
more slowly, so as to let it reach a higher emergent temperature, 
even though less heat is removed from the pile, because it enables 
steam to be generated at a higher temperature (and pressure). 
Now the rate of heat extraction is equal to the rate of (mass) 
circulation times the specific heat of the coolant times the rise 
in temperature which results from passing through the core. 
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The specific heat (per unit mass) is independent of gas pressure; 
it is advantageous to make the pressure high, so that a larger Hass 
of gas is circulated for a given gas velocity, but, as already men- 
tioned, gas pressure is limited by pressure vessel design considera- 
tions. Increasing the rate of circulation enables more heat to be 
extracted, but with diminishing returns, because when the gas 
flows past the fuel elements faster there is less time for heat to 
be transferred to the gas, and this limits its rise in temperature. 
Increasing the rate of circulation also demands more powerful 
blowers, and their power consumption must be debited against 
the station output; the debit is enough to be an important design 
consideration. The power consumption of the blowers is also 
intimately related to the design of the fuel cans, since the resistance 
to be overcome by the flowing gas depends on the turbulence the 
cans create. In Calder Hall the compression power of each blower 
is 1,497 b.h.p. There are four blowers for each reactor, and they 
take 5-44 MW from the station output. The foregoing con- 
siderations affecting the coolant circulating system are bound up 
with the design of the heat exchanger: the resulting problem is 
quite a complex one. 

‘At Calder Hall the solution is a compromise which gives a 
high rate of plutonium production and a considerable output of 
power, though at a high initial cost. The compromise takes the 
form of raising a great deal of low-grade (low-temperature, low- 
pressure) steam as well as a fair amount of high-grade (high- 
temperature, high-pressure) steam. The high-grade steam is still 
poor compared with that raised in modern coal-fired power 
stations, and the amount of low-grade steam is unusually large. 
rhe two-stage turbines designed to use the steam, though con- 
ventional in design, are exceptionally large and expensive for their 
output. The high-pressure cylinders supply 65 per cent of the 
power; the low-pressure cylinders, though inefficient in themselves, 
do raise the overall efficiency of the plant considerably. 

The dual-pressure steam cycle makes the heat exchangers much 
more complicated than one would suppose from their simple 
sounding name. Each heat exchanger combines the functions 
of economizer, water-tube boiler and superheater, twice over. 
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This is shown diagrammatically in Fig. 3.10. The gas flows down- 
wards, so the heat exchanger is hottest at the top. The low- 


pressure and high-pressure systems are similar, but the low- 
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Fig. 3.10. Calder Hall heat-exchanger (diagrammatic). From K.E. B. Jay, 


Calder Hall. By courtesy of the U.K.A.E.A., Methuen Ltd. and the author. 


stem is confined to the lower half of the heat exchanger 
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where temperatures are lower. Feed-water from the c ' 
the turbine-hall is fed into the economizer coils at the bottom; 
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the low-pressure water is heated to its boiling point, the high- 
pressure water to the same temperature, which is below its boiling 
point. The high-pressure water then by-passes the rest of the low- 
pressure system to the high-pressure economizer where it is heated 
to its (higher) boiling point, and then stored temporarily in the 
high-pressure drum. From there it is circulated by a pump 
through the boiler and back again to the drum, now mainly as 
steam. Steam is taken from the drum through the superheater to 
the high-pressure cylinders of the turbines. The low-pressure 
sequence is the same except for a simpler economizer. 

Two per cent of the gas circulating in the system is bled from 
the main circuit, passed through a filter to remove graphite dust 
and iron oxide, dried with alumina and returned to the main 
circuit, thus maintaining the purity of the 20 tons of circulating 
carbon dioxide. The neutrons and gamma rays which escape 
from the core carry quite a lot of heat with them which is wasted 
since the escaping radiation is absorbed in the shielding built 
round the reactor core to protect personnel. The shield is in two 
parts, 6 in. of mild steel next to the core, with 7 to 8 ft of concrete 
outside that. The second so-called biological shield of concrete 
would crumble were it not protected from the intense radiation 
emitted from the core by the inner steel shield. The latter becomes 
so hot as to require cooling, and this is done by a forced draught 
of air which escapes through the chimneys visible in Fig, 3.2. 
Ihe heat lost amounts to 0-8 MW per reactor. 


Control and Instrumentation 


The dual-pressure steam cycle is involved in the reactor control 
system. There is no objection from the nuclear point of view to 
shutting the reactor down quickly, and this can be done in an 
emergency by releasing the safety rods, but rapid changes of 
{emperature resulting from changes in power level are undesirable 
because of the thermal stresses engendered by such temperature 
changes. Provision is therefore made for the core temperature 
to be held steady irrespective of changes in power level. Complete 
shut-down is normally brought about slowly. After an emergency 
shut-down there is enough generation of heat from the radio- 





52 BASIC PRINCIPLES OF FISSION REACTORS 


active decay of fission products to maintain the temperature a 
while. Holding the core temperature steady is equivalent to holding 
the inlet and outlet temperatures steady. The rise in peace 
of the gas passing through the core is controlled by varying t : 
gas flow; the blowers are driven by d.c. motors whose spee 
can be varied over a range of 10: 1 on the Ward-Leonard system. 
This compensates to a large extent for changes in heat output ee 
the core. To improve on the compensation, the temperature of t e 
gas entering the core is also held steady. This is done by varying 
the amount of heat extracted from the circulating gas by the low- 
pressure system in the heat exchanger. Varying the a = 
this system alters the ease with which the water boils, an 
hence the amount of heat passing from the gas to the water. Dua 
control succeeds in keeping the temperatures steady, but, in doing 
so, keeps the amount of steam generated in the heat aarp 
in step with the heat generated in the core, irrespective of the 
demand for steam. To enable the steam-generating side of the power 
station to be independently controllable, irrespective of whether 
the turbines are on load or not, surplus steam of any amount up 
to the maximum production can be disposed of in the ‘dump’ con- 
densers, which condense the steam direct from the heat exchangers, 
then wasting the heat via the cooling towers. This pennant 
permits the reactor to be run up to power before starting the 
turbines and putting the alternators on load, in addition . 
permitting the turbo-alternators to run light without reducing the 
power level of the reactor. It therefore enables plutonium produc- 
tion to continue whether electricity is being generated or not. 
It will be recalled that fission-product poisoning proved to be 
a serious problem at Hanford; it always gave rise to asap 
anxiety about neutron losses when the early piles were built. 
Calculations of the reproduction ratio to be expected from 
proposed design were not sufficiently reliable for k,, — 1, whic 
is what is significant, to be at all accurate. The Calder Hall gran 
proved to have a 14 per cent larger k,. than expected; if the 
error had been the other way round there would have been but 
little reactivity to spare, and fission-product poisoning would have 
been a real embarrassment. As it was, no great difficulty arose. 
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In an enriched-uranium power reactor, however, fission-product 
poisoning causes most serious difficulties, because the reactor is 
more compact and the neutron flux greater. The trouble arises 
because xenon-135 has an absorption cross-section for thermal 
neutrons of 3-5 x 10° barns, which is extremely high, and because 
most of the xenon-135 is formed indirectly from tellurium-135, 
the latter being a direct fission product. Tellurium-135 decays 
rapidly to iodine-135 which has a half-life of 6-7 h, decaying to 
xenon-135. Because of the high capture cross-section of xenon-135, 
it is destroyed, soon after formation, by the neutron flux when 
this is large. It follows that, when a high power level is main- 
tained in a high-flux reactor, the build-up of xenon-135 is strictly 
limited by the neutron flux, in spite of that same flux being 
responsible for its formation. The xenon-135 level is therefore 
kept much lower than it would be if limited only by its natural 
decay, and in these circumstances is not unduly troublesome. 
When, however, the reactor is shut down, there is an accumulation 
of iodine-135 already present among the fission products, and 
this continues to give rise to xenon-135. Immediately after shut- 
down xenon-135 is still formed at the same rate as just before; 
the rate decreases as the iodine-135 decays. After shut-down there 
is no neutron flux to eliminate the xenon-135, and this has the 
fairly long half-life of 9-2 h. The amount of xenon-135 in the core 
therefore builds up after shut-down to a much higher value before 
beginning to decrease. During this period, before it has changed 
into another element of lower capture cross-section, its presence 
is most unfavourable to the reproduction of neutrons. If an 
attempt is made to restart the reactor it can happen that the 
neutron wastage is great enough to reduce the maximum at- 
tainable reproduction ratio, even with all the control rods with- 
drawn, to below unity. The reactor cannot then be made divergent 
again until the xenon-135 has decayed to a sufficiently low level, 
in the course of time. After a high-flux reactor has been shut down 
for an hour, it may be impossible to restart it for several days. 
Because of burn-up of fissile material, and the accumulation 
of fission product poisons, more reactivity has to be built into a 
reactor intended to operate at power for a long time than would 


) 
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be necessary or desirable for controlling a so-called zero-energy 
(i.e. negligible power) reactor subject only to small variations in 
neutron economy. Because of this, when a power reactor is first 
built, it must be given so much reactivity that it will become 
prompt-critical with the control rods only partially removed. 
It is therefore essential, when operating such a reactor, to be very 
sure about the state of the neutron economy. If the control rods 
are pulled out too far when the activity is small, with the result 
that the flux begins doubling in a rather short period of time, 
e.g. a second, this does not matter at first, since many flux doublings 
are required to reach power level; but if the situation is overlooked 
because the flux is too small to give a clear indication on the 
instruments, then the rapid doubling will have reached an alarming 
stage if first noticed with the instruments already indicating 
appreciable power. It is necessary for the pile-operator to be well 
informed about the neutron flux even when, at first sight, it 
might be thought to be too small to be of interest. 

With a Calder Hall reactor shut-down, multiplication of natural 
neutrons gives a neutron flux corresponding to about 10-3 W. 
During a typical start-up the level may have reached 5 kW 
before the controls are set supercritical; at full power it is 180 MW. 
The range between full-power and shut-down is seen to be a factor 
of 18 x 10". If nothing could be done about this, instrumentation 
would be very difficult. The difficulty is mitigated at Calder 
Hall by boosting the shut-down flux with artificial neutron 
sources to a power level of about 2 W. Then, by having six sets 
of instruments of different types, the reduced range of about 108 
can be covered with industrial instruments. At least two types 
are indicating at all power levels. The artificial sources consist 
of capsules of antimony and beryllium, and are activated by the 
pile itself when working. The antimony becomes radioactive and 
emits gamma rays which liberate neutrons from the beryllium. 
The sources decay slowly when the pile is shut down, and are 
topped-up when it is working. me 

During start-up an instrument known as a period-meter he 
a continuous indication of how quickly the power level is changing; 
it will be described in Chapter 16, Continuous monitoring of the 
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temperature of selected fuel element cans is carried out with 
thermocouples. Fine-bore stainless steel tubes carry a continuous 
trickle of gas from the emergent end of each fuel channel to an 
apparatus which sniffs each tube in turn to see if the gas being 
sampled is radioactive. It should not be radioactive; if it is, fission 
products are escaping, and a faulty fuel element is diagnosed. 
This equipment required 45 miles of steel tubing to be installed. 
It permits the rapid detection of a burst fuel element which, if 
left, would contaminate the heat exchangers, blowers and so on. 
Where men are working, the radiation level is continuously 
monitored to check that it remains below that at which it becomes 
dangerous to health. 

When constructing the pile, it was essential to prevent any 
possibility of traces of neutron absorbing material getting any- 
where inside the pressurized part of the system. If this had 
happened it might have reached the reactor core and reduced the 
neutron reproduction ratio, when in a natural-uranium/graphite 
pile, there is little enough to spare. In consequence, a variety 
of engineering operations, both when components were being 
manufactured for assembly, and on site, had to be carried out 
under conditions of cleanliness comparable with those normally 
associated with a surgical operating theatre. 





CHAPTER 4 


Fissile Fuel 


The West Stands pile was charged with unclad compressed 
uranium oxide fuel elements, mainly, with some unclad metallic 
uranium elements as well. Calder Hall uses metallic aaa 
slugs canned in a magnesium-beryllium alloy. Both had to ut me 
natural uranium, which, as we have remarked, is basic to a 
nuclear energy programmes depending on fission. oe is 
far produced for the manufacture of bombs, can also contri u ; 
to a nuclear energy programme, but calls for a different design 0 
reactor. Other fissile materials are known, but it would sale 
none of practical importance can remain to be discovered: the 
stable elements have been thoroughly surveyed; the others are 
too unstable, or too rare, to be useful. The potentialities of the 
situation are already clear; before discussing them we shall first 
consider the origin of nuclear energy, and the fission process, In 


greater detail. 


Mass and Energy 


It is well known that nuclear power involves the conversion 
of mass into energy, but it must not be supposed that this ‘ 
peculiar to this one source of energy. There is always a loss o 
mass when energy appears; neither mass, alone, nor energy, 
alone, is conserved in nature: it is the sum of the two that remains 
constant. The mass and energy must, of course, be paneer 
corresponding units for this to be true. In the c.g.s. hate ee 
mass in grammes requires to be multiplied by the en : ; 
velocity of light to get the energy equivalent in ergs, the ve ia 
of light being almost exactly 3 x 10! cm/sec. The bite ene 
was suggested by Einstein, it being a consequence © i ee ey 
theory of relativity, according to which a moving bo y be 
as if its mass were increased in proportion with its kinetic sete 
The equivalence is now believed to be universal, and ves — 
verified for nuclear disintegrations for which it is possible e 
correlate experimental values of the energy released with the 
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difference in the masses of the particles present before and after 
the disintegration, these masses being known from separate 
measurements. It may seem strange that the velocity of light is 
involved in the equivalence of mass and energy, but we can easily 
see that this must be so, at least for the case of energy in the form 
of electromagnetic radiation. We choose to consider this particular 
case, because, when electromagnetic radiation of whatever 
wavelength — radio waves, heat waves, light, X-rays or gamma 
rays — is absorbed, its energy appears as heat, leaving nothing 
behind. Here, then, we have energy on its own, of amount which is 
measurable by absorption and conversion into heat. If we can 
discover how much mass is associated with it, we shall find the 
equivalence we want. We do this by observing that there is mo- 
mentum, as well as energy, associated with the radiation; this 
follows from the existence of radiation pressure, which implies 
the existence of inertia in the radiation. Suppose a beam of light 
is falling normally on a perfectly absorbing surface, and energy 
of amount E ergs is absorbed per cm? per sec. It follows from the 
clectromagnetic theory of light, and has been confirmed ex- 
perimentally, that the pressure in dynes/cm? on the absorbing 
surface is E/c, where cis the velocity of light in cm/sec. Attributing 
this pressure to momentum inparted to the absorbing surface by 
the on-coming light, and remembering that force is rate of loss of 
momentum, we see that E/c = mc, where m is the mass arriving 
per cm? per sec, and being stopped. We conclude that m is the 
mass associated with energy EZ, and that E = mc?. 


Units of Energy 


It is customary to reckon electrical energy in kilowatt hours, 
but it could quite logically be reckoned in grammes. The choice is 
one of convenience; the gramme is an inconveniently large unit 
for energy, being 2-5 x 107 kWh. In nuclear physics, however, 
where one may want to balance the masses on the two sides of a 
nuclear equation representing a disintegration process, and have 
to include energy to do so, it 7s convenient to reckon the energy 
in terms of a suitably sized unit of mass. The unit chosen is the 
atomic mass unit (a.m.u.), which is one-sixteenth of the mass of 
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the atom of the principal oxygen isotope. The choice of oxygen 
for reference, instead of hydrogen, has the convenience of making 
the habit of rounding off atomic weights to the nearest whole 
number, a better approximation. The approximation is good to 
better than one part in a thousand for the two stable isotopes of 
carbon, for example, but would be in error by about 1 per cent 
on a hydrogen scale. The masses of the atoms of these two isotopes 
are 12-0038 a.m.u. and 13-0075 a.m.u., respectively. The atomic 
mass unit is 16598 x 10-* g, subject to experimental error in 
Avogadro’s number, of which it is the inverse. 

Another unit of energy, convenient in atomic physics, is the 
electron-volt. This is the energy acquired by the elementary 
charge falling through a potential difference of a volt; it is called 
an electron-volt, and written eV. A unit one million times larger, 
written MeV, is useful in nuclear physics. If a helium nucleus 
falls through a potential difference of five million volts, it acquires 
the same energy as a proton falling through ten million volts, 
viz. 10 MeV, because the helium nucleus carries a charge of two 
elementary units. The helium nucleus, incidentally, after acquiring 
so much energy, would have become an alpha particle. For an 
electron to acquire the same energy, it would need to fall through 
ten million volts in the reverse direction. It is to be noted that the 
electron-volt is merely a unit of energy, nothing being implied 
about the way in which the energy was acquired. It is permissible 
to express the energy of a rifle bullet in eV, though there is no 
point in doing so. It is, however, convenient to quote neutron 
energies in eV, in spite of it being impossible for the neutron to 
acquire energy from an electric field. 

It is also sometimes convenient to relate neutron energies to 
a temperature. An ideal monatomic gas at a uniform temperature 
T degrees absolute possesses heat energy which is shared between 
its molecules. A given molecule may happen at any moment to 
possess any amount of energy between 0 and oo, but most of 
them come near the mean value, which is proportional to the 
absolute temperature T. From the standpoint of thermal agitation, 
a molecule that is a single atom may be treated as a mass-point, 
incapable of possessing rotational energy, but having translational 
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energy shared between three mutually perpendicular and therefore 
independent directions. It is said to have three degrees of freedom 
and it is a principle of statistical mechanics that the amount of 
energy associated with each degree of freedom is, on the average 
3kT, where k is known as Boltzmann’s constant, and is 1-38 x 10-16 
erg/°C. If we take room temperature as 300°K, the average ener 
for three degrees of freedom works out at 0-039 eV. A are 
which is suffering only elastic collisions in thermal equilibrium 
with its surroundings is like the molecule of a monatomic gas, and 
will have this energy at room temperature. At other Foti periures 
its energy is in proportion to the absolute temperature. 

The various units in which energy can be expressed are each 
convenient in their respective fields, but care must be exercised 
when different units turn up in the same context. This is il- 
lustrated by the following problem. 


Numerical Problem 


A 250 MW nuclear power station utilizes 300 Ib of natural 
uranium in fission * per day. To save heating the building by 
burning coal, it is proposed to generate additional power to be 
used for electrical heating, by extracting heat from the biological 
shield. To do this, a layer of water-tubes is to be acaere 
in the shield to raise low-grade steam to supplement that from 
the main heat exchangers. It is anticipated that the heating of the 
water-tubes will be mainly due to slow neutrons, the effect of 
fast neutrons being negligible, and the effect of gamma rays 
considerably less than that of the slow neutrons which is mars 
to be calculated. The number of slow neutrons escaping from the 
core may be taken as 3-0 x 10! per sec per MW of heat generated 
by fission, and their average energy as 0:20 eV. They will reach 
thermal equilibrium with the cooling system which will run at a 
temperature of 360°F (182°C). The low-grade steam provides 
power at half the overall efficiency of the power station. If the 
existing coal-burning heating system of 60 per cent sfhicieney is. 


The total consumption is somewhat greater, because some *%°U 
nuclei become “*U instead of undergoing fission. 


r 
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to be replaced by electrical heating, how much coal of calorific 
value 12,000 B.Th.U. per lb would be saved? The mean loss of 
mass per fission is 0-215 a.m.u. 

To calculate the answer, we first note that the overall efficiency 
of the power station will be required, and proceed as follows. 

Fraction of mass of 28°U converted into energy during fission 
<= 0:215/235 = 0-00091. Since natural uranium contains 0-71 per 
cent uranium-235, fraction of mass of natural uranium converted 
into energy = 6-5 x 10°. 

There are 454 grammes in a pound, so the mass that is converted 
into energy per day is 300 x 454 x 6-5 x 10-6 = 0-88 g. The 
velocity of light being 3 x 10!° cm/sec, this is equal to 0-88 x 
(3 X 101)? = 8-0 x 10” erg = 8-0 x 10!3 J. This is the amount 
of heat generated in a day. 

The electrical output is 250,000 x 24=6 x 106 kWh = 
2-16 < 10!8 J, since a watt-second is a joule. It follows that the 
overall efficiency of the power station is 2:16/8-0 = 27 per cent. 
The efficiency of utilization of low-grade steam is therefore 
13-5 per cent. 

The energy of a neutron in thermal equilibrium with its sur- 
roundings at 182°C is 3/2 x 1:38 x 10-16 x (273 + 182) = 
9:4 x 10-4 erg. The electronic charge is 4:80 x 107-19 e.s.u., a 
volt is 1/300 e.s.u., whence an electron-volt is 1:60 x 10-}? erg, 
and the energy of a 0-20 eV neutron is 0:20 x 1-60 x 10-# 
= 3-2 x 10-* erg. 

Each neutron therefore gives up 2°27 x 10-18 erg to the water- 
tubes. The output of heat in the rector core is 250/0-27 = 926 MW. 
The heat imparted to the water-tubes is therefore 3-0 x 10% x 
926 Xx 2:27 X 10-18 = 6-3 x 105 erg/sec = 0-063 J/sec. 

The order of magnitude appears to be quite wrong — and it is. 
We have calculated the heating on the assumption that it is 
derived from the kinetic energy of the slow neutrons. It now 
appears that this is negligible. What actually happens is that 
the neutrons are captured by nuclei with the emission of gamma 
rays, and these gamma rays carry energy of the order of MeV. 
The amount depends on the nature of the nucleus in which the 
neutron was captured; a rough figure for our case is 7 MeV. 
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Using this figure instead of 0-20 eV, we find the heat imparted 
to the water-tubes is really 3-0 x 1015 x 926 x 1:60 x 10-7 x 
7 x 10° = 3-1 x 10% erg/sec = 3-1 x 106 J/sec = 3-1 thermal 
MW. This is a realistic figure. 

At 13:5 per cent efficiency the electrical power produced 
would be 3-1 x 10® x 0-136 = 4-2 x 10° J/sec, and all of this 
can be reconverted into heat. 

Let X lb of coal be burnt in a day. At 60 per cent efficiency 
this provides X x 12,000 x 0-6 =X x 7-2 x 10% B.Th.U. 3 
heat. There are 252 calories in a B.Th.U. and 4-18 joules in a 
calorie. The amount of heat is therefore X x 7-2 x 108 x 252 x 
4:18 = X x 7:6 x 106 J. The rate of dissipation of heat is 

X xX 7:6 x 108 
60 x 60 « 24 

We have, finally, 88X = 4-2 x 10°, whence X = 4:8 x 103. 
The calculated saving in coal is thus (4:8 x 108)/2,240 = 2-2 
tons/day. 

The example was chosen to illustrate the variety of units of 
energy that can quite easily turn up in calculations. We have 
encountered kilowatt-hours, joules, ergs, British Thermal Units 
gramme calories, atomic mass units, electron-volts and snaivalent 
temperatures. 


Conversion factors for energy units are given in the Appendix 
Table IL. 


= 88XJ/sec 


Nuclides 


When the known elements are arranged in the order of their 
chemically determined atomic weights, their chemical properties 
show regularities, tending to repeat at intervals: they can be 
arranged in what is known as the Periodic Table. Formerly gaps 
had to be left for undiscovered elements; now they are all filled 
by newly discovered elements. Two anomalies, in which the proper 
order seemed to be inverted (nickel and cobalt, iodine and tel- 
lurium), disappeared when atomic weights were determined with 
the mass-spectrometer, and atomic weights for the appropriately 
chosen isotopes used. It is now known that the place of an element 
in the Periodic Table, its atomic number, is the same as the number 
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of electrons external to the nucleus that it possesses, and this is 
equal to the positive charge on the nucleus in elementary units. 
The periodic repetition of properties progressing through the 
Periodic Table, that is, as more electrons are added to the ex- 
tranuclear structure, is the result of the formation of closely 
knit shells of electrons (at the inert gases), any electrons that are 
left over, which have not yet formed a complete shell, being the 
ones that determine the chemical properties. The transition 
elements show similarity of properties because their incomplete 
outer shells contain the same number of electrons, an inner shell 
accepting the additional electron in passing from one element 
to the next, in preference to its going into the outer shell. 

Atomic weights determined by the mass-spectrometer tend 
to be close to a whole number, whereas the naturally occurring 
mixture of isotopes sometimes makes the mean atomic weight 
of the isotopes, which is what is determined chemically, quite 
different from a whole number. For any isotope, the atomic number 
is equal to the charge on the nucleus in elementary units, and the 
atomic weight is equal to the mass in a.m.u., both being nearly 
whole numbers. All nuclei are composed of neutrons and protons, 
the neutron having no charge, and the proton unit charge; both 
have a mass close to one a.m.u. It follows that the number of 
protons in a nucleus is equal to the atomic number, and the 
number of neutrons equal to the difference between the atomic 
weight, or, more precisely, the mass number, which is the nearest 
whole number, and the atomic number. The mass number and 
atomic number together are sufficient to specify a stable nucleus; 
the different combinations are called nuclides. All possible stable, 
and many unstable, nuclides are known. 

Atomic weights depart a little from whole numbers, and are 
not equal to the sums of the contributions from the constituent 
neutrons and protons. They are always less, the difference being 
known as the mass defect. The mass defect represents the energy 
that is released on formation of the nucleus from its constituent 
neutrons and protons, and is therefore also the binding energy, 
though this is generally expressed in MeV, the mass defect being 
expressed in a.m.u. 
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Masses of the atomic building units are accurately known; 
they are: 
Electron 0-00055 a.m.u. 


Proton 1:00759 a.m.u. 
Neutron’ 1-00898 a.m.u. 


jHe 
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Fig. 4.1. Depth of binding of nucleons in different elements. 


The sum of the masses of the electron and proton is less than the 
mass of the neutron; it is energetically possible for a neutron 
to turn into a proton and an electron with energy left over. Free 
neutrons are, in fact, found to be radioactive, decaying as described, 
with a half-life of 12 min. This is so much longer than their life 
in a reactor that the instability may be ignored. 

Two neutrons and two protons have masses that add up to 
403314 a.m.u., but the mass of the helium nucleus (alpha particle) 
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is 4-00278 a.m.u., giving a mass defect of 0-03036 a.m.u., or a 
binding energy of 28 MeV. In a complex nucleus, we may regard 
the binding energy as being shared between the neutrons and 
protons (nucleons). The total binding energy is the energy required 
to disperse the nucleons to infinity; the binding energy per nucleon 
that required to remove one nucleon (assuming the binding 
energy per nucleon to be constant, which is approximately true 
for nuclides of intermediate mass number). The binding energy 
per nucleon is plotted against mass number in Fig. 4.1 for a 
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Fig. 4.2. Isotopes of the first twenty elements. 
® Stable isotopes, © Electron emitters, ® Positron emitters * 


* Including also {Be, A and {jCa, which decay by the nucleus swallow- 
ing an extranuclear electron. 
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number of nuclides. The chemical symbol is used for the nuclide, 
with the atomic number as subscript, and mass number as super- 
script. The intermediate elements are the most tightly bound; 
energy is released by the fusion of light elements, as well as by 
the fission of heavy elements, because in both cases the binding 
energy per nucleon becomes greater in the process, and, since 
binding energy is negative, the nucleons become more deeply 
bound. If a uranium nucleus divides into two halves, it appears 
that about 0-8 MeV per nucleon is released; since there are 235 
nucleons, this gives 188 MeV as a rough figure for the energy 
released per fission. The experimental value is just under 200 MeV. 
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Fig. 4.3. Stable nuclides occurring in nature *. 
‘ 


All known nuclides up to atomic number 20 are plotted in 
lig. 4.2. Isotopes of an element are on the same vertical, isobars 


* Including radioactive nuclides whose half-life is comparable with the 
age of the universe, 
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on the same horizontal. With the exception of {H and ®He, the 
number of nucleons is seen to be twice the number of protons, 
or slightly more, for the stable nuclides. This means that there 
is a tendency for the neutrons and protons in the nucleus to pair 
off. Nuclides having too many, or too few, neutrons for stability, 
are radioactive, and come into line by moving horizontally. 
Those with an excess neutron emit a negative electron and move 
to the right; those with a deficit emit a positive electron, and 
move to the left. 

Stable nuclides occurring in nature * are plotted in Fig. 4.3. 
In this figure, the number of neutrons is plotted against the 
number of protons. For the lighter elements, the ratio of neutrons 
to protons is about unity, for the heaviest it is 1-6. This may be 
explained qualitatively as follows. Neutron-neutron and neutron— 
proton forces are attractive and short range; these forces will be 
large between close neighbours, but small between nucleons that 
are far apart in the nucleus. The contribution they make to the 
binding energy will therefore be proportional to the number of 
neutrons, to a first approximation. Proton-proton forces, however, 
include the electrostatic repulsion which falls off more slowly 
with distance, as the inverse square. These forces, therefore, act 
between each proton and all the others, and have an effect 
depending on the square of the number of protons in the nucleus, 
to a first approximation. We visualize their mutual repulsion 
giving rise to a concentration of protons at the surface of the 
nucleus, with mostly neutrons at the centre holding the nucleus 
together. The number of neutrons required to do this will clearly 
increase more rapidly than the number of protons, hence the shape 
of the plot in Fig. 4.3. The relatively flat bottom of the curve 
in Fig. 4.1 is also in keeping with this viewpoint. It is interesting 
that, given the number of protons in a nucleus, the number of 
neutrons required for stability is very circumscribed; a few too 
many, or too few, results in a radioactive nucleus. The plot of 
Fig. 4.3 is flanked on either side by a large number of artificially 
produced radioactive isotopes, not shown in the illustration. 

* Including radioactive nuclides whose half-life is comparable with 
the age of the universe. 
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The heaviest truly stable nuclide is 8Bi. Heavier nuclides are 
radioactive. Those that occur in nature either have long half-lives 
themselves, or are derived from others that are long-lived. The 
plot comes to a sudden stop at uranium, atomic number 92 
Heavier nuclides are relatively short-lived, whatever the propertion 
of neutrons to protons. A number of them are now well known 
having been made in the laboratory or in reactors, but there seems 
little hope of extending the series much beyond stoinie number 100 

Fig. 4.1 fails, for lack of accuracy, to show an important ale 
about nuclear stability. The rule, derived from various considera- 
tions, is that among neighbouring nuclides, the most stable are 
those possessing both an even number of protons, and an even 
number of neutrons. Less stable, that is less deeply bound, are 
those with an even number of one nucleon, and an odd Atte 
of the other. Still less tightly bound are those nuclides in which 
the number both of neutrons and protons is odd. The rule is reflected 
in the abundance of nuclides in the four groups. For stable 
naturally occurring nuclides, the number of anehiaes in each 
group is given in Table 4.1. Only four are to be found in the odd/odd 
group. They are 7H, §Li, 72B and 44N; in these nuclides the 
neutrons and protons are paired off. 








Table 4.1 
ite hae protons Odd Even 
Number of neutrons fii 
Odd 4 56 
Even 52 162 


Such, then, are the nuclides among which fissile fuel must be 
found. It follows from Fig. 4.1 that we must look among the 
heavy elements. It is found experimentally that, if heavy nuclides 
are bombarded with particles of very great energy, the nucleus 
can either be split into two nearly equal halves fission) or splinters 
consisting of nuclides of low atomic number knocked off (spalla- 
tion). This has been done with uranium, thorium, lead and pla- 
tinum, using alpha particles, deuterons and neutrons, but the sated 
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of the bombarding particle had to be in the region of hundreds of 
MeV. This region belongs to the realm of cosmic rays, not that of 
reactor physics. In any case, it would be no help from the standpoint 
of power production if 200 MeV could be liberated in fission by 
a particle that had to be given about that much energy to do it. 
For fission to be caused by a particle of low energy, that particle 
must be uncharged so as to get inside the electrostatic field of the 
nucleus: it must be a neutron. 
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Fig. 4.4. Fission cross-sections. Note logarithmic scales. 


Fission by Neutrons 


The fission cross-section of °U, as a function of the energy 
of the neutron, is shown in Fig. 4.4. Outside the range 1-100 eV, 
where there are peaks, the slower the neutron, the more effective 
it is; at high energies the cross-section tails off to a much smaller 
value, though by no means negligible even at a few MeV. Quite 
different is the cross-section for °U, shown in the same figure. 
Here there is a threshold for fission, at about 1 MeV, and below 
this practically no fission occurs, above it the cross-section 
increases with increasing energy. The marked difference between 
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the slow fission of 235U and the fast fission of 28°U (slow and fast 
refer to the incident neutron) is explained by the fact that *°U 
is an even/odd nuclide, whereas ?°8U is even/even. When, therefore, 
235U) absorbs a neutron, the resulting compound nucleus is even/ 
even, and deeply bound. Quite a lot of binding energy is released, 
the compound nucleus is highly disturbed, and fission is provoked. 
When 238U absorbs a neutron, the resulting compound nucleus is 
even/odd and less binding energy is released, insufficient to lead 
to fission unless supplemented by about 1 MeV of kinetic energy 
from the neutron. It is only necessary for a neutron to fall into 
the 235U nucleus for fission to occur; the slower the neutron the 
longer it remains close to the nucleus when passing, and so the 
more likely it is to fall in and cause fission. On the other hand, 
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Fig. 4.5. Droplet model of nucleus, showing sequence of events in fission. 


with 2°8U, an incident neutron is quite likely to be captured without 
causing fission; only when it has sufficient kinetic energy to 
give to the nucleus, and leave it in a highly disturbed condition, 
does fission occur in 23°U. The faster the neutron, the more likely 
is the right disturbance to be provoked, and the nucleus break 
into two. Hence, the fission cross-section increases with energy. 
The so-called ‘liquid drop’ model of the nucleus gives a quite 
successful account of the fission process. It is pictured in Fig. 4.5. 
Fission is the result of a disturbance which causes the nucleus 
to become distorted into a dumb-bell shape, followed by breaking 
of the neck. 

Slow fission only occurs with three common nuclides, all of 
them even/odd. They are *°U, #5U and *°Pu. Fast fission also 
occurs with them, but the cross-section is very much less. The 
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only one of these nuclides that occurs in nature is 235U,* and it 
only to the extent of 0-71 per cent in natural uranium. 

It might seem strange that uranium-235 and plutonium-239 
were chosen for fission bombs, which are required to go super- 
critical with fast neutrons in order to get rapidly a large reproduc- 
tion of neutrons before the fissile material is dispersed by heat. 
Uranium-235 seems to be essentially a slow fission material, and 
plutonium-239 is similar. Uranium-238 on the other hand, is 
necessarily a fast fission material. The explanation of the choice 
is evident from Fig. 4.4, and lies in the fact that fast fission cross- 
sections are so much smaller than slow fission cross-sections that 
even at a few MeV, which is in the tail of the slow fission curve 
and the main part of the fast fission curve, the fission cross- 
section of 285U is larger than that of *%U. It is impossible to 
obtain criticality with pure uranium-238 because inelastic scatter- 
ing of the neutrons emitted during fission quickly reduces their 
energy below the fission threshold, thus keeping the multiplication 
constant low. In uranium-235 an inelastically scattered fission 
neutron can still cause further fission — in fact it is more likely 
to do so. In natural uranium such neutrons can cause fission in 
the uranium-235, but there is not much of it, and the neutron 
has to escape capture in uranium-238 if it is to become so slow 
that the small concentration of uranium-235 is compensated by 
the large cross-section for fission at thermal energies. It is this 
intervention of uranium-238 that prevents criticality from being 
obtained in homogeneous natural uranium. The large fission cross- 
section for 2%5U at low energies just permits criticality to be 
obtained, using natural uranium, if the fission neutrons are by- 
passed through a moderator while going through the energy range 
in which absorption by ?88U is large. The low fission cross-section 
of 235U for fast neutrons makes it necessary to use pure uranium- 
235 or very highly enriched uranium for the chain-reaction to 
become self-sustaining with fast neutrons, but fast fission in 
uranium-238 does contribute appreciably to the neutron 
population in a natural uranium pile. 


* Plutonium has been found in very small traces. 
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Fast fission occurs in a number of nuclides besides 88U. They 
include the principal isotope of thorium, Th, but the neutron 
economy in thorium does not permit a self-sustaining chain reaction 
to be set up. Protoactinium-231, a very scarce element, and nep- 
tunium-237, formed in small quantities in the uranium pile along- 
side plutonium, and the parent of a radioactive series not found 
in nature, undergo fast fission, but can make no contribution to 
a nuclear energy programme. Of the eight principal fissile nuclides, 
only three, ?33U, 235U and 78°Pu, can be regarded as fuels. These 
three can be used to build both slow and fast critical assemblies. 
Uranium-233 is obtained by the transmutation of thorium using 
neutrons from a uranium or plutonium reactor, and plutonium 
is obtained from a uranium reactor, so we see why it is that 
natural uranium is the key to all nuclear energy from fission, 
whatever fuel it is proposed to use. 


Fertile Materials 


Uranium-238 and thorium-232, though not themselves nuclear 
fuels, can be converted into plutonium-239 and uranium-233 
respectively, and these can be used as fuels in a reactor. Uranium- 
238 and thorium-232 are known as fertile materials. The conversion 
involves the absorption of a neutron for every atom converted. 
At present these neutrons must come from a fission reactor. The 
conversion is carried out at the expense of burning a comparable 
amount of uranium-235. In both cases the absorption of a neutron 
in the fertile parent is followed by two successive beta decays. 
The reactions are the following: 


238 239 
9U + 2 > oU + y 
239 239 


92U > “g3Np + B- 
239 9 
g3Np > Pu + B- 


232, 
go9lLh + > Sat +y 


aT. os Pade Bo 

“Pa > “yg + B- 
The two fissile products, and the fertile materials from which 
they are produced, are long-lived, and can be stored without 
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appreciable loss; the intermediate products decay sufficiently 
quickly not to cause much delay in production. The half-lives 
are given in Table 4.2. The importance of the production of plu- 
tonium to the development of the fission bomb has already been 
discussed (page 14). It occurs inevitably in natural uranium 
piles, and plans for the utilization of plutonium for further power 
production are an important feature of any nuclear energy pro- 
gramme. The conversion of thorium-232 into uranium-233 must 
be brought about by surrounding ar eactor core with a thorium 
blanket, and arranging for as many neutrons as possible to escape 
from the core into the blanket. Since more than two neutrons 





Table 4.2 ; 
Nuclide Half-life Nuclide Half-life 
238 4:5 x 108 yr 232Th 1-4 x 1010 yr 
239 U 23-5 min 233Th 22 min 
239 Np 2-3 days 233 Pa 27-4 days 
239Pu 2-4 x 104 yr 233U 16 x 105 yr 


are released in fission, and only one is required to maintain the 
chain-reaction, the possibility arises of having more than one 
neutron per fission left over for conversion. This could result in 
the production of more fissile atoms from fertile atoms than fissile 
atoms consumed in the reactor — a net gain of fissile material. The 
possibility has become a reality; it is known as breeding. Its great 
importance lies in the consequence that all available fertile 
material can be converted into fissile, so ranking as nuclear fuel, 
supplies being no longer limited to the 0-71 per cent of uranium-235 
in natural uranium. All the uranium, and also the large supplies 
of thorium, can therefore be burnt. 


Fission Products 


In one gramme of uranium-238 about 24 spontaneous fissions 
occur per hour * ; the event is much less frequent than the emission 
of an alpha particle which is the normal mode of decay of this 
nuclide. When a neutron provokes fission, it happens extremely 


* The corresponding figure for uranium-235 is about one per hour. 
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quickly: about 5 x 10718 sec after the neutron enters the nucleus 

fission takes place. The fissile nucleus explodes, usually throwing 

out two or three neutrons, and dividing into two fragments 

differing appreciably in size. Very occasionally, in about one in 250 
10% 
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Fig. 4.6. Thermal fission yield from #*°U. Note logarithmic scale. 


fissions, an alpha particle is emitted. The two fission product 
nuclei are not accompanied by their proper complement of elec- 
trons; many of these have been stripped off, the average fission 
fragment having a charge of about 20 elementary units. In 
consequence, fission fragments cause intense ionization alone 
their path; their range in air at s.t.p. is between 2 and 3 cm, and 
about 4 10°¢cem in uranium, More than 200 nuclides ice rep- 
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resented among the fission products. The yield, as a function of 
mass number, is shown in Fig. 4.6; yield is defined as the fraction 
of fissions leading to the formation of the nuclide in question. 
The total yield is therefore 200 per cent. The curves refer to slow 
fission; fast fission gives fragments that are more nearly equal in 
size. There is not much difference between the yield curves for the 
three nuclides capable of slow fission. 

The fission products are nearly all radioactive. This is to be 
expected from the binding energy curve, Fig. 4.1. As may be seen 
from its curvature, when a heavy nuclide divides into two, the 
resulting nuclides will have too many neutrons for stability, even 
though some neutrons are emitted at fission. It is, therefore, to 
be anticipated that the product nuclides will stabilize themselves 
by changing neutrons into protons, which is the same thing as 
beta decay. This is, in general, the case; moreover, up to six 
successive beta decays may occur before stability is attained. 
Beta decay does not alter the mass number, so Fig. 4.7 is unaltered 
by the changes brought about as the radioactive fission products 
emit electrons and change their atomic numbers. Beta activity is 
always accompanied by the simultaneous emission of gamma rays, 
this makes the fission products difficult as well as dangerous to 
handle. More than 50 decay sequences have been identified. Of 
special importance are the ones leading to the formation of *jXe 
and 148Sm which are strong neutron absorbers. 


1min 185; 67h 185 92h 1350 3x10%yr 18543 
— > 534 — 5BCS ——»> 5604 
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The poisoning effect of {Xe has already been mentioned (page 52) ; 
poisoning will be discussed in more detail later (page (257). 


Prompt Neutrons 


Prompt neutrons are those emitted during or immediately after 
the fission process. The number emitted varies, just as the fission 
fragments vary. The absorption of a neutron by a fissile nucleus 
does not necessarily lead to fission; it may result in simple capture 
with the subsequent emission of a gamma ray. For example, 
fissile °Pu may absorb three neutrons in succession, becoming 
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Fig. 4.7. Fission neutron energy spectrum. 


“Pu, then 244Pu (which is fissile), and, finally, ?4#Pu. The average 
number of neutrons emitted per fission, v, is therefore different 
from the average number emitted per neutron absorbed, 7, and 
if a, is the cross-section for radiative capture, and o the es 
section for absorption with fission, it is easy to ses that 7 = 
o,v/(o, + o,). Experimental values of » and y are given in 
lable 4.3, for thermal neutrons. 





Table 4.3 
Nuclide yp n 
2337 2-5 2-3 
235[) 2-5 2-1 
239Py 2-9 2-1 


The average energy of the emitted neutrons is almost exactly 
2 MeV; the probability of the energy lying between F and FE + dE 
N(E)dE, proves to agree well with the theoretical value given by 

N(E) = C sinh (2E/E,)*e-#/%0 

where C = (2/me)* = 0-484, and E, ~ 1 MeV. Thisfission spectrum 
is shown in Fig. 4.7. There are quite a lot of high energy neutrons 
in the tail of the curve; these are very penetrating, and have to 
be specially allowed for when designing reactor shielding. 
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Delayed Neutrons 


Among the fission products is the beta radioactive element 3{Br. 
Its normal mode of decay is to 3Kr, with a half-life of 56 sec. 
In a small proportion of the disintegrations, however, the emitted 
beta particle has less energy, and leaves the §’Kr in an excited state. 
The excited nucleus possesses sufficient energy to emit a neutron 
and become 8Kr. The emission of the neutron happens atid 
taneously, and in consequence, the neutron emitter, excited 3¢Kr, 
appears to decay with the half-life of its precursor, 5;Br. Other 
neutron emitters are known, and all of them are found among the 
fission products, whatever the origin of the latter. Their abundance, 
both absolute and relative to each other, depends on the nuclide 
which has undergone fission, but the energy of the delayed neutron, 
and the half-life associated with it, depend only the nature of the 
emitter and precursor, and are the same irrespective of the origin 
of the fission product. 

Particulars of delayed neutrons following thermal neutron 
fission are given in Tables 4.4 and 4.5. Their importance for reactor 
control has already been mentioned on page 26; this will be devel- 
oped further in Chapter 15. 

Table 4.4 


Fraction (total) of fission neutrons which are delayed. 


235 239Puy 233) 





0-0075 0-0038 0-0025 
eS 


Table 4.5 
Delayed neutrons from ?85U 


Half-life, Mean energy, Relative 





Group Precursor Emitter sec MeV abundance 
1 Se oe x6 03 0-03 
2 eat a Ke 22 0-6 0-23 
3 ? Br 4:5 0:4 0-29 
4 ? ap 15 0:7 0:33 
5 187Sb or g3As 0:4 0-4 0-12 





CHAPTER 5 


The Fuel Element 


Homogeneous and Heterogeneous Reactors 


The reproduction ratio in natural uranium fuel is insufficient 
for a block of this sort of uranium to become critical, however 
large the block: to obtain criticality, the uranium must be mixed 
with a moderator. If graphite is used as the moderator it must be 
used efficiently and the way to do this is to have lumps of fuel 
arranged as a lattice in the moderator, and choose the geometry 
of the arrangement so as to be advantageous; the result being the 
familiar natural uranium pile. As an alternative to lumping the 
fuel, it can be mixed intimately with the moderator but this is 
less advantageous to the neutron economy; to get it to work with 
graphite as moderator, the fuel must be enriched. An unusual type 
of low-power experimental reactor has enriched uranium oxide 
dispersed in graphite blocks. Heavy water (deuterium oxide, D,O) 
is a better moderator than graphite, and it would be possible to 
reach criticality with a solution of a suitable natural uranium salt 
in heavy water if the volume were sufficiently large. The volume 
required, however, is very large, and heavy water is expensive, 
so this type of reactor is not an economic proposition. We see, then, 
that homogeneous reactors, in which the fuel and moderator are 
intimately mixed, are in practice confined to solutions of enriched 
uranium (or plutonium). With enriched fuel, ordinary water can 
be used as the moderator, the uranium being dissolved in the form 
of nitrate or sulphate. In principle, slurries, alloys, ceramics and 
cermets could be used in homogeneous reactors. 

The importance of the heterogeneous reactor, in which the fuel 
is lumped, lies in the fact that it will work with natural uranium, 
but the fuel elements it requires present many problems which 
do not arise with suitably designed homogeneous reactors. Fuel 
elements are expensive and difficult to manufacture, awkward to 
handle in the reactor, and need reprocessing periodically to remove 
fission products and to replace burnt fuel. If enriched fuel is 
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available, these problems can be disposed of in a homogeneous 
reactor by circulating the solution through the core, and subjecting 
it to continuous processing which can include the removal of 
radioactive xenon to prevent the reactor from becoming poisoned. 
It must be admitted, of course, that the circulation of hot highly 
radioactive solutions at high pressure is attended with technical 
problems of its own. The homogeneous reactor for power produc- 
tion is still only in the experimental stage, and well behind the 
heterogeneous reactor power plant. The advantages and dis- 
advantages of the two types of reactor are listed in Table 5.1. 


Damage to Fuel Elements 


There is no reason, at first sight, why the design of fuel elements 
for a heterogeneous reactor should be a major technical undertaking, 
though the canning troubles experienced when building the Hanford 


Table 5.1 


nn —. TFS 


Heterogeneous reactor Homogeneous reactor 





ADVANTAGES 


Will work with natural uranium and Continuous processing of fuel pos- 
graphite sible, with vemoval of poisons 
Simple mechanical structure 
No wastage of neutrons by ab- 
sorption in structures internal to 
core 
Circulating fluid heated directly 
Design calculations relatively 





simple 
DISADVANTAGES 
Difficult ov delayed re-start after Normally requires enriched and 
shut-down, because of poisoning expensive fuel 
. High pressure hot radioactive solu- 
Fuel elements expensive, difficult to tions to be pumped 
fabricate, require canning; difficult 
to handle in reactor, require periodic Solvent decomposed by radiation, 
re-processing and solution very corrosive 


Distortion of fuel elements 
Complex mathematical and en- 
gineering design problems 
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lig. 5.1. Effect of pile irradiation on uranium slug. Top: before metallur- 

nical treatment. Bottom: after metallurgical treatment. Left: before irradia- 

tion. Middle: after irradiation. Right: after double irradiation. By courtesy 
of the U.K.A.E.A. 


piles have already been mentioned. Nevertheless, it has in fact 
proved exceedingly difficult to make fuel elements that will 
survive long enough in a pile, because of the remarkable distortions 
that occur when the elements are irradiated. How extreme these 
can be may be seen from Fig. 5.1: the two sets of photographs. 
illustrate the effect of irradiation on two fuel slugs that differed in 
the metallurgical treatment they had received prior to irradiation, 
and refer (1) to the rods before insertion in the pile, (2) after 
irradiation, and (3) after doubling the irradiation. The effect on 
the rod is to make it swell, to distort it, and in the worst case it 
actually crumbled, It should be mentioned that the photographs. 
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after irradiation had to be taken in a ‘hot’ * laboratory through 
a thick glass window, and are therefore not very clear. It is seen 
that a great deal can be done to minimize the distortion by suitably 
processing the uranium before irradiation. 

The distortions arise from a number of causes. The fresh fuel 
rod consists of a polycrystalline aggregate of pure metal, of uniform 
density, and with the atoms regularly arranged in the individual 
crystal grains in a lattice structure. When a fission occurs, one 
uranium atom is removed from the lattice, but room has to be 
made for two fission product atoms a short distance away, at the 
end of each fission fragment track. Intense heat is generated along 
the tracks of the fission fragments, enough to cause local melting; 


o eo Pe Ce eS 
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Fig. 5.2. Increase in volume of uranium and uranium-rich alloys as a 
function of burn-up. From S. H. Paine and J. H. Kittel, P/745, Peaceful 
Uses of Atomic Energy, 1956. 


the phenomenon is called a thermal spike. The subsequent cooling 
is, of course, very rapid. We see, therefore, that the disturbance 
caused locally by a single fission is extremely violent. If, then, 
an appreciable proportion of the atoms in the rod undergo fission, 
it is not, after all, surprising that the rod suffers so badly. Some 
of the fission products are gaseous; these can collect in pockets and 
make the rod spongy. The effect becomes more serious the higher 
the operating temperature, and may ultimately, in the future, 


* Hot has acquired a second meaning in nuclear engineering, that of 
highly vadioactive. 
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prevent the use of solid fuel in fast reactors. It can bring about 
a 40 per cent increase in volume at 800° C, but at the lower temper- 
atures, to which present reactors are restricted, volume changes 
are small. This remains true even when large changes of shape 
occur, as shown in Fig. 5.2, which summarizes a great deal of 
experimental data. Further damage is caused by the neutron 





lig. 5.8. Deformation of uranium rods by thermal cycling. All rods cycled 
450 times between 600°C and 50°C. Before cycling, all rods were smooth and 
of the same length, equal to that of the rod on the left, which was unchanged 
in length by the cycling, though the surface became rough. Reading from 
the left, the metallurgical treatments were as follows. (i) As cast. (ii) Hot 
rolled, (iii) Hot rolled and cold swaged. (iv) Hot rolled and beta-annealed 
(v) Quenched from the beta-state. By courtesy of R. C. Burnett and S F. 
Pugh, U.K.A.E.A. mit 
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flux through the Wigner effect. This is the disturbance of the well- 
ordered crystal lattice by colliding neutrons which displace some 
atoms from their proper positions in the lattice, and so disorder it. 
The Wigner effect also occurs in the moderator, and we shall 
consider it in greater detail in that context. 





Fig. 5.4. Radiograph of (finned) fuel can deformed by ‘ratcheting’. 
By courtesy of the U.K.A.E.A. 


The causes of damage so far mentioned are all peculiar to the 
special conditions present in a fission reactor. Unfortunately, 
however, uranium metal has, in any case, most inconvenient 
properties associated with the anisotropy of its microcrystalline 
structure. Even in the absence of radiation it is only necessary 
to change its temperature sufficiently often to bring about similar 
distortions. This effect of thermal cycling is shown in Fig. 5.3; 
the resulting growth of the uranium rods is hardly believable. 
Added to all this, is must be remembered that temperature dif- 
ferences in the rods when the reactor is at power can produce 
thermal stresses which add materially to the damage. 
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The cladding, as well as the fuel rod, may suffer severely after 
being in the reactor for some time. Figs. 5.4 and 5.5 Gee fuel 
elements in which the cans have been distorted by swhint is know “ 
ratcheting’: an effect caused by the fuel rod working ie 
and forwards in the can in such a way that the pull i oe 
direction is greater than the push in the other ee) 





5. Photograph of (unfinned) fuel can deformed by ‘ratcheting’ 
By courtesy of the U.K.A.E.A. 7 


Damage by Thermal Cycling 


A single crystal of uranium does not suffer damage from thermal 
( yeling, but it is, of course, damaged by irradiation. The fea 
cycling effect has to do with the polverystalline eteucture If 
impurities are present, voids form round the impurit cent 
und make the metal spongy. The effect of thermal c alin Oo - 
r" sled uranium rod is usually an elongation, the rod es : 10 : 
the direction of rolling. It is thought that this involves a eiaictine 
wae between the crystal grains which have been idacicta 
'y rolling. It has been suggested that the ratcheting effect occurs 
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because of a difference between the manner in which stresses 
between the crystal grains are released at high and at low tem- 
peratures, in other words stresses caused during expansion, and 
stresses caused during contraction. It is supposed that stresses 
are released by slip within the weaker crystal grains at low 
temperatures, but by flow at the grain boundaries at high tem- 


peratures. 
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i i i hermal cycling between 
Fig. 5.6. Elongation of uranium rods due to t 
100°C and 550°C, From H. H. Chiswik and L. R. Kelman, P/557, Peaceful 
Uses of Atomic Energy, 1956. 


It is found that thermal cycling growth depends greatly on 
grain size and extent of preferred orientation. It decreases with 
increasing grain size, and is less for more random orientations. 
Here, then, is a guide to the metallurgical treatment of fuel rods. 
Treatment can be very effective, as is to be seen from Fig. 5.6. 


Damage by Irradiation 


The extent to which a particular fuel rod will be damaged by 
jrradiation, and the damage caused to it by thermal cycling, are 
roughly correlated so that no conflicting requirements appear 
when attempting to minimize both. The two forms of damage, 
however, do not always correspond, the most important difference 
being that radiation damage is severe in a single crystal, whereas 
thermal cycling has no effect. 
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The characteristics of radiation damage must be related to the 
disordering of the crystal structure by colliding fast particles, 
and the stresses around thermal spikes with melting inside them. 
It is held by some workers that preferential diffusion of displaced 
atoms along particular directions in the anisotropic crystals 
contributes to the distortion, and it is generally believed that the 
anisotropy of thermal expansion plays an essential part. Plastic 
deformation by twinning * to relieve the stress round thermal 
spikes may be involved, and ratcheting between crystal grains 
is likely to occur, as in thermal cycling distortion. 

It happens that pure uranium is particularly badly affected 
by thermal cycling and radiation damage. By contrast, the com- 
pound of formula U,Si is quite stable. Relatively good stability 
inay be obtained by alloying uranium with certain elements. 
One part in a thousand of chromium gives excellent stability; 
a higher percentage of molybdenum, zirconium or niobium 
(columbium) is also effective. It must be remembered, however, 
that even small quantities of neutron-absorbing elements may 
be undesirable in a natural uranium pile. When enriched fuel is 
used, so that some neutron wastage is permissible and the 
neutron flux density may be very high, thus accentuating the 
damage problem, more radical methods are appropriate. An alloy 
of 15 per cent uranium in aluminium contains the uranium in a 
dispersed phase, and this reduces the distortion to less than 
| per cent. The alloy, moreover, is still undistorted after one in 
a thousand of the uranium atoms has undergone fission; pure 
uranium suffers severe distortion after one in ten thousand. 

Dispersion-type fuel elements appear to have an important 
future. In general, they are designed to use fuel that is metal- 
lurgically heterogeneous, consisting of a fissile phase (not neces- 
sarily pure fissile material) dispersed in a continuous matrix of 
non-fissile material. To minimize radiation damage the dispersed 
prain size should be large compared with the fission fragment 
range, and there should be a high proportion of fissile material 
in the dispersed phase. This concentrates the damage in and near 


* The process in which a simple crystal becomes a ‘Siamese’ twin, 
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to the dispersed grains. It is advantageous for these to be fairly 
uniform in size. The diluent should predominate in volume, and 
have suitable physical properties to act as the structural material 
in the fuel rod. 

It has been stated that the investigation of radiation damage 
in a new type of fuel element requires the order of 200 man- 
years of work. 


The Brookhaven Fuel Element 


Relatively little has been published about the technology of 
fuel elements, but one design has been described in great detail.* 
This fuel element was designed for the U.S. research reactor at 
Brookhaven, a 28 MW air-cooled graphite-moderated natural- 
uranium pile. The reactor not being located at a distance from 
populated areas, special care had to be taken to prevent the 
leakage of radioactive contamination from damaged fuel elements 
into the coolant and out of the chimney. It was decided, therefore, 
to monitor the aluminium fuel cans continuously for incipient 
leaks, and this was done by pressurizing the cans with helium, 
and measuring the pressure at the far end of a 40 ft long capillary 
tube. A leak quickly becomes apparent from the drop in pressure; 
meanwhile, the outgoing helium has prevented the ingress of 
oxygen and nitrogen which react with uranium fuel. It was ar- 
ranged that differential expansions on rise in temperature led 
to a change in volume of the helium space which roughly com- 
pensated for the effect of rise in temperature as far as the pressure 
of the helium was concerned, so simplifying the monitoring. The 
presence of the helium assisted the heat transfer from fuel slug 
to canning; as a further help the latter was collapsed by pressure 
on to the slugs during manufacture. It may be mentioned that 
the use of sodium—potassium alloy to improve thermal contact 
between fuel and cladding has been proposed. 

Thirty three uranium slugs were packed into each can, and 
1369 cans are required for full loading of the pile. To dissipate 
the heat generated in the slugs, it was necessary for the aluminium 


* Gurinsky, D. H. e¢ al. International Conference on the Peaceful uses 
of Atomic Energy, Vol. 9, Pp. 221. 1955. New York; United Nations. 
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cans to be finned, and, because these were to be made of a com- 
mercial grade of aluminium, the interior had to be anodised to 
prevent a chemical reaction from occurring between the uranium 
and the aluminium at the operating interface temperature of 
350°C. The cans are 11 ft long. The tubing from which the cans 
were made was extruded longitudinally finned, and finished by 
drawing. Calder Hall type tubing, with its circumferential fins 
cannot be extruded; this makes the element wasteful of aiaterial 
and expensive. Recently, helically finned Magnox tubing has been 
developed which can be extruded and has the advantages of the 
Calder Hall type. An improved fabricated aluminium tubing has 
been developed for canning enriched uranium fuel for the Brook- 
haven reactor. This is shown in Fig. 5.7. 





‘ig. 5.7. Fabricated aluminium tubing for the improved fuel elements of 
the Brookhaven reactor. By courtesy of the Brookhaven National Labora- 
tory. 


The cylindrical uranium slugs are 4 in. long, and 1-1 in. in 
diameter; each has a fine longitudinal groove in the eaindrical 
surface, for gas equalization, and has one end-face reduced a 
little in diameter to form a circumferential groove when positioned 
against the plain end of another slug. To ensure reliable loadin 
of the slugs into the cans, the machining tolerances are quite shall 
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that on diameter being plus zero, minus one thousandth of an 
inch. The machining of uranium requires special precautions, 
since it oxidizes violently at temperatures as low as 100°C. In 
finely divided form it is dangerously pyrophoric; when turning 
‘the metal it must be bathed with liquid, and the swarf stored 
under liquid. The slugs were machined from rod which had been 
extruded with the uranium hot, and in the gamma phase, which 
is soft and ductile. This method of fabrication leads to a minimum 
of elongation after thermal cycling. The machining was done 
in two stages. After the rough machining, the slugs were heated 
to 600°C for 12 h in an atmosphere of argon, to relieve stresses and 
to eliminate hydrogen from the metal. Uranium forms a loosely 
bound hydride. After finishing machining, the slugs were 
vapour degreased, and again heated in argon, to a lower 
temperature. They were vacuum-packed for storage. 

The construction of the fuel element from the slugs and anodized 
aluminium tube involved 13 operations. 

(1) The anodized film was chemically stripped for } in. at one 
end of the tube where the closed end-cap was to be welded on. 
This was necessary to prevent the weld from being porous. 

(2) The stripped end was trimmed to length, and the fins cut 
so as to slope back at this end. 

(3) The end-cap was welded on using an a.c. argon-arc welding 
machine. 

(4) The tube was degassed at 350°C for an hour under vacuum. 
This eliminated about 1 cm® of water from the anodized film. 
Water combines with uranium to form a mixture of oxide and 
hydride. 

(5) The tube and first weld were leak-tested under vacuum. 

(6) The slugs were loaded into the tube using a calibrated 
ram-rod. For this operation, and subsequently, the fuel element 
was mounted in a handling tube. 

(7) The open end of the tube was trimmed to length. 

(8) The other end-cap was brazed on using an induction heater. 
For brazing, removal of the anodized film was done by hand 
scraping. This was adequate for brazing, though not for welding. 
The film could not be stripped chemically before loading, because 
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the precise length of the charge could not be foreseen sufficiently 
accurately. It was, moreover, possible to repair brazing if a leak 
was found. 

(9) The fuel element was subjected to a second leak test and 
general inspection. If faulty, the element was either repaired, or 
rejected and the slugs unloaded. 

(10) The aluminium tube was collapsed on the slugs by ap- 
plying an external hydrostatic pressure of 2,500 Lb/in®. This 
resulted in a predetermined volume being left in the can for the 
helium to fill, and good thermal contact with the slugs. 

(11) The expansion of the element resulting from taking the 
pile up to power was about 1 in. On cooling it was necessary 
to ensure that the element returned to its original position, and 
this was done by flame-brazing an anchor to the fins, the anchor 
engaging with a slot in the graphite moderator. 

(12) The aluminium capillary tube used to connect the element 
to the pressure gauge was next flame-brazed to its end-cap 

(13) The system was checked to verify that the helium tube 
and fuel element were interconnected. This was done by sharing 
a known volume. of compressed gas with the system, and cal- 
culating the volume of the system from the change in pressure. 


Che system was then given its last leak test, which was the 
final check. 


Thermal Stresses 


We have seen that 884 per cent of the energy liberated in a 
pile is liberated in the fuel, nearly all of it from the kinetic energy 
of the fission fragments, and, therefore, appearing as heat quite 
close to the fission which provided the energy. Since the fissions 
are provoked by the neutron flux, the distribution of heat sources 
within the pile will follow closely the distribution of neutron flux 
in the fuel, though there will be some smoothing out because 
of the residue of heat liberated at some distance from the fission 
from which it originated. Since neutrons escape from the pile 
the neutron flux must be greater in the region of the centre of 
the core than near the edges. The generation of heat in a fuel rod 
will therefore fall off from the centre to the ends. Nearly all 
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the fissions are caused by neutrons which have been slowed by the 
moderator. These neutrons have just about reached equilibrium 
with the atoms of the moderator, and diffuse about like a gas. 
They diffuse into the fuel rods from outside, being swallowed up 
when they cause fission. The neutrons which are released during 
fission are fast, and make but little contribution to further fission 
until they have left the rod of their origin and been slowed down 
in the moderator. Since the fission provoking neutron flux enters 
the fuel rod from the outside, and is absorbed within the rod, 
it will be a maximum at the surface of the rod, and a minimum 
on the axis, and the liberation of heat must follow a similar pattern. 

The heat is liberated within the rod, and, for the case of a 
coolant surrounding the rod, must leave through the cylindrical 
surface. For this to happen, a temperature gradient is set up, 
with the highest temperature on the axis, and the lowest at the 
surface. We shall develop these considerations further in later 
chapters, meanwhile they lead to the conclusion that thermal 
stresses may arise from non-uniform temperature in the fuel 
elements. The response of materials to these stresses is too com- 
plicated for it to be possible to calculate the effect from a detailed 
knowledge of temperature distribution; we shall, therefore, be 
content to take a greatly simplified case in order to inquire just 
how the stresses arise. 

We begin by calculating the temperature distribution in a long 
rod of radius R, with thermal conductivity k, when a steady 
state has been reached due to uniform liberation of heat throughout 
the rod, of amount g per unit volume per second. The temperature 
T will be a function of 7, the distance from the axis, only. The 
amount of heat crossing a surface of area A per second, when the 
temperature gradient is normal to the surface, is proportional 
to the temperature gradient dT/dn (where d/dn represents dif- 
ferentiation along the normal), and is given by the equation: 


Q = —kA(AT/dn). 


Q/A has the dimensions of heat/(time)(area) and is called a 
heat flux. Consider a cylindrical surface of radius 7 within the rod. 
It is apparent that the amount of heat crossing the surface 





THE FUEL ELEMENT 91 


outwards in unit time must be equal to the heat liberated in unit 
time within the cylinder it encloses, and this is x7? per unit length 
of cylinder. The surface area is 2m7 per unit length, so we must 
have ar2q = —2ark(dT/dr), or ) 

dT q 

dry sk 
whence 





r T,=2 (R2 — 7) 


where 7, is the value of T at r = R. W 

her = R. We see th 

distribution is parabolic. eran nee ees 
This temperature distribution will tend to cause expansions 

of different parts of the rod that are not compatible with each 

— if the component parts of the rod are to remain fitted 

ogether: the rod has a tendency to deform. In doing so stresses 














Fig. 5.8. Dissection of cylinder into filaments. 


will arise, and the actual stress system will be the one for which 
the corresponding strains, when combined with the thermal 
expansions due to the temperature pattern, are compatible in the 
sense that the parts of the rod do remain fitted together (unl 

the stresses are so great that fracture occurs). = 


Let « be the coefficient of thermal expansion, Y Young’s 
modulus and o Poisson’s ratio. y 
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Mathematically speaking, the rod may be considered as being 
composed of filaments parallel to the axis, a representative 
filament being bounded by the cylinders of radius 7 and 7 + 07, 
and planes through the axis inclined to each other at an angle 
69, as shown in Fig. 5.8. We begin by supposing, furthermore, 
that the cylinder is physically dissected into these filaments, which 
can therefore lengthen or shorten independently. The cylinder is 
like a bundle of wires, except that we shall ignore the possibility 
of a filament in compression buckling as a wire would do. 

Suppose, first, the bundle of filaments is allowed to heat up 
from an initial uniform temperature Ty. A representative filament, 
initially of length L, expands to L{l + a(T — T )}, where T is 
given by the equation just derived. Now let each filament be 
returned to its original length by applying compressive forces to 
its ends. The cross-sectional area of the filament is v6v60; the 
force required is therefore —«Y(T — T,)v6r60, negative because 
it is a compression. The total force required is 


—ay [ v{T (r) — To} drdé 


If the surface temperature of the rod is prevented from rising 
(an ideal case), the force will be a minimum. We then have 
T, = Ty, and the total force for the case of uniform heat genera- 


tion is 
R p27 
— aI | (R?2 — r*)rdrdd 
4k Jo Jo 
maYqR' 
_ 8k 


This compressive force, appropriately applied to the ends of 
the dissected rod, will prevent the filaments from changing length 
on heating. The filaments have, however, also increased their 
area of cross-section, except at the surface, where there is no 
thermal expansion. The cross-sections no longer fit together; to 
make them do so requires a circumferential tension appropriate 
to each value of 7. If this were supplied, the filaments would all 
have precisely their original size and shape, and would therefore 
fit together as before, without any further application of stress. 
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It follows that a solid rod, with uniform heating, which is prevented 
from moving at its ends, but unrestrained at its cylindrical surface, 
will develop radial and circumferential stresses, besides requiring 
the distribution of stress we have calculated to be supplied by its 
supports, together with any additional longitudinal stresses 
arising from the radial and circumferential stresses. Such additional 
stresses do arise, unless Poisson’s ratio is zero, since, in general, 
a stress in one direction not only produces a strain in the same 
direction, but also subsidiary strains at right angles. However, 
let us simplify the mathematics by putting o= 0. The calculated 
distribution of stress then suffices to prevent the ends of the rod 
from moving. If the calculated total force is supplied, but with 
a different distribution, it is fairly clear that this will lead to com- 
plications near the ends of the rod, but, at a distance of several 
diameters from the ends, the stress will have redistributed itself 
to be like that calculated. For a long rod, therefore, the simple 
theory will be a good approximation, except near the ends. We 
conclude that, for o = 0, the heated rod gives rise to thermal 
stresses at its supports which are thrusts of amount 2«aYqR*/8k. 

Suppose, now, the ends of the rod are unsupported. The ends 
of the rod are then relieved of thrust, and so are the individual 
filaments at their ends. A few diameters from the ends of the rod, 
however, internal thrusts will have developed to give the cal- 
culated system of longitudinal forces required to keep the filaments 
fitting together. The stresses not too close to the ends when the 
rod is free are therefore those calculated for the anchored rod, 
less the end thrust uniformly distributed over the cross-section. 
The latter amounts to («Yq/8k)R?v6760 for a filament, and the 
force acting along the filament is 


aYq aYq 

— — (R?—? 6+ ——* R2 
rs ( rv?)7v6r00 + a vovo0 
aYq 


; (272 — R?)vdr00 


Stress being force per unit area, the distribution of longitudinal 
stress is given by the formula 


> 
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aY 
2°49 (272 — R2) 
8k 


It changes sign as 7 increases from 0 to R. 
A more detailed theory,* which allows for o #0, gives 


“Yq 








i = yr? — R 
radial stress 16k. — 0) ( ) 
aYq 
i i = 372 — R? 
circumferential stress 16k(1 — 0) ( ) 
aYq 
itudi — "4 (472 — 2R? 
longitudinal stress 16k(1 — 0) ( ) 


The maximum stress is in the surface of the rod, and here it 
is most likely to lead to trouble, because it is at the surface that 
fatigue cracking starts. Its magnitude is 

aY qk? 
k(l—o) 8 
The factor («Y)/{#(1 — o)} may be looked upon as a quite general 
indication of how serious thermal stresses will be for a given 
generation of heat using a particular material. The stresses are to 





Table 5.2 
a 
Material Faia Safe working stress 
k(1 — o) 
Aluminium 1-4 3,500 
Beryllium 6 40,000 
Beryllium oxide 15 15,000 
Graphite 0-1 3,000 
Stainless steel 34 70,000 
Uranium 25 30,000 
Zirconium 4-6 15,500 


k in B.Th.U./(h) (it?) (°F/ft) 
Y in Lb/in?® 

aw in (°F)-} 

Safe working stress in Lb/in® 


* Bonilla, C. F. Nuclear Engineering, p. 566. 1957. New York; McGraw- 
Hill 
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be compared with the tensile strength of the material, though 
bearing in mind that plasticity may be involved. As would be 
expected from first principles, a low coefficient of expansion 
combined with a high thermal conductivity and low Young’s 
modulus resultin low thermal stresses, and are therefore favourable. 
Table 5.2 gives the value of («Y)/{k(1 — o)} for a number of 
materials of interest in reactor design, and also their safe working 
stresses (tensile strengths). It is seen that («Y)/{k(1 — o)} varies 
greatly among the materials, though the variation may, to a 
limited extent, be compensated by variations in tensile strength. 
By far the best material is graphite. 

Thermal stresses in fuel elements combine with radiation damage 
and thermal cycling creep to set a limit to the rate of generation 
of heat per unit volume that can be allowed. 
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Fig 5.9. Schematic diagram of heat flow in fuel element. 
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Specific Power 


Fig. 5.9 epitomizes design considerations for a fuel element. 
It is apparent that when a reactor is run up to power, the specific 
power, or watts liberated per gramme of fissile fuel, will be set 
a limit by the following factors: 

(1) Maximum permissible central temperature above which the 
fuel suffers undesirable physical changes. 

(2) Thermal stresses in the fuel. 

(3) Thermal stresses in the cladding. 7 _ 

(4) Surface temperature, limited by boiling of liquid coolant, 
or damage to cladding with gaseous coolant. 








CHAPTER 6 


Neutron Source and Neutron Sink 


In a heterogeneous reactor neutrons are born within the fuel 
elements, but quickly escape from the elements of their origin 
because, when born, they are fast neutrons. They make a few 
collisions before they escape, and some of these may cause fast 
fission with a consequent slight increase in the number of fast 
neutrons leaving the fuel element. The fuel elements are the 
sources of neutrons within the pile, but these neutrons contribute 
very little to further fission until they have been slowed down in 
the moderator, when they diffuse about as slow neutrons, and, 
in doing so, again encounter the fuel elements, where they dis- 
appear in provoking slow fission. Only by chance will a slow 
neutron die within the fuel element in which it was born. The 
function of the fuel element is therefore twofold: it is a source 
of fast neutrons, and a sink for slow neutrons, and these two 
functions may be treated independently as far as the fuel element 
is concerned, the link between them being the process of modera- 
tion. 


Neutron Flux and Neutron Current 


Consider the situation at the centre of a spherical mass of fissile 
material which is just critical and generating power at a steady rate. 
Neutrons will be moving about in all directions, and to an equal 
extent in all of them, because the neutron distribution must remain 
symmetrical. There is random movement, but no overall drift. 
The random movement leads to collisions of different kinds; 
the rate at which encounters (for a given constant cross-section) 
occur within a small element of volume is independent of the 
direction of motion of the neutrons, though directly proportional 
to their speed. Away from the centre of the spherical mass neutrons 
will still be moving about in all directions, but more will be 
moving outwards than in other directions because neutrons that 
are born nearer the centre include some that will ultimately 
escape from the sphere, and must move outwards to do so. The 
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motion of the neutrons is therefore partly random and partly 
drift, or if the drift is only small, we may say the random motion 
is biased in the outward direction. In that case the collision rate 
will be determined by the random motion, and transfer of neutrons 
from one place to another by the drift. We therefore distinguish 
between two aspects of neutron movement, the one measured 
by neutron flux and the other by neutron current, flux being a 
scalar * quantity and current a vector. Let 1 represent the neutron 
density or concentration of neutrons, in neutrons per cm’, and 
v be their average speed. The neutron flux ¢ is defined as nv, 
and is numerically equal to the total distance travelled by all 
the neutrons in a cubic centimetre in one second. 








Fig. 6.1. 


If now we have a collimated beam of neutrons of concentration 
n per cm’, all travelling with the same velocity v (a vector), the 
rate of transfer across a plane normal to their direction of motion 
is mv per cm? per sec, and this is the neutron current J. In this 
case the magnitude of the current is equal to the flux. Now 
consider how many neutrons cross a plane from one side, when 
they are travelling in all directions equally. Neutrons arriving at 
an element of area 6A at an angle between 6 and 6 + 60 come 
from a solid angle bounded by two cones as shown in Fig. 6.1. 
The area on unit sphere which subtends this solid angle is 


* The use of the word flux to denote a scalar quantity is peculiar to 
reactor technology. 
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2x sin 660, so the fraction of neutrons arriving at 6A with in- 
clination between 6 and 6 + 66 is 4sin 060. Because of the in- 
clination of the normal to 6A to the direction of the beam, the 
area of cross-section of the beam which fills 6A is cos 066A. We 
therefore have $v sin 0 cos 66466 neutrons crossing 6A per second 
between angles 6 and 6 + 60, whence the magnitude of the neutron 
current from one side of the plane to the other is 


7/2 
$nv | sin 0 cos 0d0 
0 


ee 
= gnv 


In this case the magnitude of the neutron current in one direction 
is equal to one-quarter of the flux. The sum of the currents in 
opposite directions is equal to half the flux. 


Free Path and Probable Path 


tt we have N spheres per unit volume, each of radius 7,, and 
distributed at random, with a sphere of radius 7, moving eon 
them, then the moving sphere will collide with one of the other 
spheres whenever its centre comes within a distance 7, +7 
f rom the centre of the other sphere. If a cylinder of radius i + 7 
is described round the straight sections of the path of the aenive 
of the moving sphere as axis, collisions occur with all spheres 
whose centres lie within the cylinder. If we consider a length of 
path «, the volume of the cylinder is ma(v, + 7.)2, and on the 
average there will be wNx(v, + 72)? collisions in the path length a. 
The average distance between collisions is 1/#N (7, + 7,)?; this 
is called the mean free path 2. We have seen (page 39) that the 
macroscopic collision cross-section is wN(r, + 7,)?, so the mean 
free path is the inverse of the macroscopic collision cross-section. 
I his is true whatever the distribution of collisions along the path. 
Suppose, now, the collisions are equally spaced so that all free 
paths are equal to the mean free path. If we choose a point along 
the path at random, and ask how far the moving sphere is likely 
to go before its next collision, we are equally likely to choose the 
starting point at any point between two collisions. All distances 
between 0 and A are therefore equally likely to be traversed before 
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the next collision, and the average is 4/2. The probable path after 
a random start, in the sense of the mean distance travelled 
before the next collision, is 4/2. This is not the case, however, 
if the collisions occur at random intervals, as we shall now show. 

The probability of a collision occurring in dx is A-téx. The 
probability of no collision in da is 1 — A—16x. If a particle starts 
at a randomly chosen point, the chance that it will travel a distance 
26x without collision is (1 — A~6z)?, and the chance that it 
survives a distance x is (1 — A-Méx)*/** = {1 — (a/nd)}", where 
n = x/duz and is large. Now 


Ae 


which makes the probability of surviving a distance x equal to 
el. The probability of the particle surviving the distance x 
and then colliding between x and a + 6x isd“! e~7/45x%, The prob- 
able path is therefore 


* 00 

le vale’ dx 

J ~ 4-l elk da 
0 


Integrating by parts, this is found to be just 4, the mean free 
path, and not 4/2 as before. 

At first sight the result is surprising: one would think that, 
since the odds are heavily against choosing a point where a 
collision occurs for the random start of the path whose average 
length before the next collision we have calculated, the random 
start would almost certainly be between two collisions, and, 
therefore, the probable path less than the mean free path. The 
explanation lies in the procedure for arriving at the mean. If we 
choose a point on the path, at random, for the start, it is most 
unlikely that, on the occasion in question, it will prove to be a 
collision. If, furthermore, we choose a collision at random, it is 
most unlikely that we choose the point just chosen for the random 
start: but, if we choose a large number of random starts, and a 
large number of collisions at random, then the two sets of points 
are chosen on precisely the same principle — they are random — 
and they will therefore correspond, the one with the other, One 
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procedure for choosing the random starts would actually be to 
select a set of random collision points, and it would be legitimate 
to do this since the only criterion is that the points should be 
random. We see, then, that it zs really to be expected that the 
probable path and the mean free path will be the same for random 
collisions. 

The macroscopic scattering cross-section for slow neutrons in 
graphite is about 0:36 cm-, which makes the mean free path 
2-8 cm. The total macroscopic cross-section for slow neutrons in 
natural uranium is about 0-74 cm7!, and this makes the mean 
free path 1-4 cm. These mean free paths are.comparable with the 
diameters of typical fuel rods, and not greatly smaller than the 
dimensions of a typical lattice cell. They are, however, very much 
smaller than the overall dimensions of a pile. It is very difficult 


B 


A 


Fig. 6.2. Track of random movement. 


to deal mathematically with the case of the mean free path com- 
parable with the geometrical parameters of any problem; diffusion 
theory assumes the mean free path to be small compared with 
everything else. It will be a good approximation to apply diffu- 
sion theory to the slow neutron population in an entire homo- 
geneous reactor core; it is a reasonable approximation to apply 
it to the lattice cell of a heterogeneous pile, but it is not properly 
applicable to what goes on in a fuel rod. Still less can diffusion 
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theory be applied to fast neutrons in a fuel rod, since the mean free 
path for fast neutrons is about twice that for slow. 


Random Movement 


The track of a particle (such as a neutron), if it consists of 
straight sections joined together by sharp bends, looks something 
like Fig. 6.2. It is apparent that such a particle, starting at A 
in a particular direction, makes very poor progress in that direc- 
tion: after a while it may be found almost anywhere, though it 
is likely to have moved some distance from A. Its rate of progress 
in such a case will be very much less than that indicated by its 
track speed. We shall now show that this progress is proportional 
to the square root of the time. If the track speed is v, there 
will have been vé/A collisions after time ¢, where / is the arithmetic 
average length of path between collisions. This is the same as 
the mean free path A of the last section, but we now need to be 
precise, because we shall shortly meet another average. We shall 
be concerned only with the case of vé/A large, so that statistical 
considerations can be fairly applied. 

We begin by considering a one-dimensional movement, in which 
the particle moves backwards and forwards along the x axis. 
Let successive displacements be 2, %)...,%,, the resultant 
displacement X being 2% + +... + %- The resultant dis- 
placement squared is (a, + 2% +... + #,)?. Expanding, this 
becomes 

(a@ + a2+...+4+ 22) +2>> 2,4, 
in which the double sum * is taken over all values of p and ¢ 
from 1 to n excluding p = g. Now let us average the expression 
over a large number of occasions when successive displacements 


occur, in order to find X®. It is clear that #3 = 23 =... a = 2, 








say. The first term in the expansion of X? is therefore na®. When 
taking the average of the double sum, a given positive and the 
same negative displacement are equally likely to be among the 


* >, which mathematicians usually reserve for a summation sign, is 
used in the literature of nuclear engineering also to represent a macroscopic 
collision ‘cross-section’. 
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values of x, and x,, and will cancel out. The double sum is there- 
fore zero, and X? = na. 

We now consider tracks in three dimensions, and assume first 
that the collisions are isotropic in their scattering effect, all 
scattering directions being equally probable, so that, after scat- 
tering, the particle has no ‘memory’ of its initial direction of 
motion. Successive paths A,, A, . . ., A, are completely independent. 
A free path /, is really a vector with components A,., Apy, Ap,2 
and #2=/2,+ 42,44 ,. The resultant displacement R is a 
vector whose components are 

R,= Ay, + Ae, x + 9 8 + Ana 

Bey Aggy Aggy as pe 

Ry = dng tang tee tans 
and R?= R2+ R?2+ R?. 

Now R2= (#2, +4, +... + Me) +2 D> 4,04, and the 
double sum will vanish when averaged, for the same reason as 
before. Thus R? = ni?, say. Therefore 

R? = (8+ 4+ %) 
Since summation and averaging are commutative, 

R =n FR TR) 

=n 

Taking square roots, and remembering that 1 = vt/A, we see that 
the root mean square distance travelled is proportional to the root 
of the time, and equal to the root mean square free path times 
the root of the number of free paths in that time. The significant 
free path is not 2, but (A2)4. Recalling that the probability of a 
collision between w and x + dx is A-e~*/*6xz, where A has the 
significance of A, we see that 


co Ry suid 
Jp 2?) e > dex 
i (1)-2 ee? dx 





R= 





Integrating by parts gives 22 = 2/2. 
We therefore find that the mean square distance travelled is 
R® = 2n22, in which n = vt/A, 


eK 
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Diffusion 


We have just considered the way in which a single particle 
subject to random movement behaves on the average; we now 
proceed to consider what this implies about the statistical behav- 
iour of an assembly of particles, in particular how the distribution 
of the particles changes with time. 

Let the concentration of particles be » per unit volume, and a 
function of « only, and consider unit area in the y, z plane, as in 
Fig. 6.3. Let the distribution (x, ¢) at time ¢ change to n(x, t+T) 
at time ¢ + t. The particles between x and x + dw at time 7 + T 


Unit 
area 


Z xr+0Lr Ly D+OLy 


=< X— 


Fig. 6.3. 


will have been distributed between -+ © at time #, and the number 

reaching the slab of thickness da at « from the slab of thickness 

dx, at x, in the time t, depends on m(a, t), w, —# and t. We 

may write it as m(a,, t)dx,f(%, — x, 7)dx. We therefore have 
+00 


n(a, t + r)dx = ox | ‘ n(x,, t)f(x, — x, t)dax, 
Putting z, —a2 =X, this takes the more convenient form 
n(x, t+ 1) = ['. 0(X +2, of(X, 1)aX 


Expanding n(X + 2, t) by Taylor’s theorem, we have 

on =X2 An 

as ef eee es, ot SLE ee: 
(nl NK Sat ay aa tlio 
If is independent of «, then n(x, ¢ + t) = n(x, t), and hence 


fe f(X, dX =1 


-+00 


n(t, t+ 7) =( 


—0oo 
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Since no direction of motion is favoured, we must have 
F(X, t) = f(—X, t), whence 
[[= Xf(X, 1ax = 0 


It will be seen that the definition of f(X, t) makes it the probability 
of a particle finishing a distance X from its starting point after 
time tT. 


™ X3(X, 1)dX 


is therefore identical with what was called R? in the last section, 


and there found to be nd? = 4nd? = 2nJ2 = 3vdr. We therefore 
find that 


~ On 
n(w, t+ 7) = n(a, t) + dvAr — +... 
Ox? 


If we let t + 0, the higher orders may be neglected, and we have 





= 2 
Lt n(w, t+ 7) — n(a, ¢) ~ wi O'n 
70 Tt Ox? 
or 
on ~ On 
— = fyi — 
ot Ox? 


This, it is easy to see, is just the law of diffusion proposed by x 
Fick in 1835 to account for the diffusion of a salt in water. If 
we consider the slab of thickness 6a and unit area at x, the number 
of particles entering the slab from the left per second is —D(én/0x), 
according to Fick’s law, and the number leaving per second to the 
right is 
on 0 On 
— + —— 6x 
ox  =0% Ox 
where D is the diffusion coefficient. It follows that 

on 3 D an 3 

—~oz = i 

ot Ox? * 
which, on cancelling dx, is the same as our equation if D = 4v/. 

If the collisions are not isotropic, so that there is a tendency 

for the direction of motion before collision to persist afterwards, 
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the particle will make faster progress. We then define what is 


called the transport mean free path A,, which is greater than © 


the actual mean free path but gives the right value of D when 
used in the formula D = }v4,,, which assumes the collisions to 
be isotropic. 

We have now shown that random collisions of particles moving 
with velocity v result in concentration distributions changing 
with time according to Fick’s law of diffusion, with a diffusion 
coefficient D = 4vd,,, where 4,, is the transport mean free path; 
the differential equation for the concentration 1 is 

on on 

ot Ca? 
for the one-dimensional case. It should be mentioned that we 
have tacitly assumed that A, is independent of ». This is equivalent 
to assuming that the frequency of collision of the particles with 
each other is much smaller than the frequency of their collision 
with another kind of particle. The theory is, therefore, applicable 
to such cases as the diffusion of solute molecules among solvent 
molecules in a dilute solution, and thermal neutrons in a pile. 


Thermal Disadvantage Factor 


Diffusion theory may be used to calculate the distribution of 
thermal neutrons around a fuel element which is acting as a sink 
for these neutrons in a moderator, provided we remember that 
it will only be a crude approximation, since the mean free path 
is comparable with the diameter of a fuel rod. The mathematics 
for cylindrical symmetry is complicated, and involves Bessel 
functions. The simpler case of a spherical uranium slug will 
therefore now be chosen for theoretical treatment, as an illustra- 
tion of the method; experimental results will be quoted for a 
cylindrical rod. 

Consider a heterogeneous reactor in which the fuel is lumped 
into spheres of radius a arranged in a cubical lattice of spacing 
2b. Each slug has a volume of moderator equal to 8b3 associated 
with it. To simplify the theory we shall make the approximation 
that the slug is at the centre of a sphere of moderator of the 
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same volume as the actual cube (see Fig. 6.4). The radius b’ of 
the hypothetical sphere is given by $b’? = 8b%, whence 
b'3 — 1-918, an expression we shall need later. We assume that 
the thermal neutrons are absorbed in the uranium at a rate nou 
per cm$ per sec, where , is the absorption coefficient or macroscopic 
cross-section for absorption in uranium, and we assume that no 
thermal neutrons are created in the uranium. If the pile is critical, 


| ‘ 2b 1 1 
ct 
{ 

ss ace fr a a 
i eli GR | 
| Pill ie) | | 
It, 44 1 {> ! ! 

‘ Le \ a 
oe aly MnP Oe ie 
DAG ok 
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| T 1 | 

, ® 
I 
| 
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Fig. 6.4. Lattice arrangement of fuel rods. 


and a steady state already established, the absorption of neutrons 
in each part of the uranium sphere must be balanced by a net 
diffusion into that part. Consider a spherical shell bounded by 
the radii y and 7 + or. Its volume is 4z726r, so neutrons are ab- 
sorbed at a rate 4avu,n(r)r?dr. The inner surface has an area 
4x7? and neutrons diffuse into the shell at a rate —42D,72(dn/dr) 
where D, refers to the uranium. The outer surface has an aia 


d 

Anr? + ay (4c0r?)6r = 4ar? + 8ar6dr 

and neutrons diffuse across it into the shell at a rate 
dn d du 
4nD, (r? + 2r67 (* — — ) 
i ) dr " dr dr 

oe ér + 7? sal t) 
dry dr dr i 
to the first order in dv. The net rate of diffusion into the shell is 


d 
= 4nD, (/ >. + 2r 


du d2n 
42D (2 — +4 72 —_ 
Ta ae dr 4 aa) 2 
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Equating this to the rate of absorption we get 


2 
4vpn(r)r?dr = 4nD, (2 “ +r oa) or 
or 
dn 2dn 
(5 + -S) — vuyn(r) = 0 (6.1) 
. : d2 2d 
We notice that, for the case of spherical symmetry, Ts a Per 


d2 
appears in place of ae in plane symmetry. 


If D, refers to the moderator, and the rate of production of 
slow neutrons by moderation is assumed to be uniform within it, 
and equal to g per cm? per sec, we must have 

(= 2 dn 

dr v5 y dy 
neglecting absorption in the moderator. The two equations are 
to be solved for the following boundary conditions: 

(1) Since there is no net diffusion of neutrons across the outer 
boundary of the sphere of moderator, where the situation rep- 
resented is that midway between two fuel elements, da/dy = 0 
at r= 0’. 

(2) Since there can be no discontinuity of neutron ‘concentra- 
tion at the moderator/uranium interface, 7(a) must be the same 
for uranium and moderator. 

(3) Since there can be no continued accumulation of neutrons 
at the moderator/uranium interface, D{dn(a)}/dr must be the 
same for uranium and moderator. 

Equation 6.1 for the uranium may be simplified by putting 
yn(r) = u(r) and « = vp,/D,. This gives 


a) +9=9 (6.2) 


d?u ‘ 
ae u(r) = 0 (6.3) 
The corresponding simplification for equation 6.2 gives 
d’u sr 
a - = 0 6.4 
qt D, (6.4) 
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The solution of 6.3 for the uranium is 
u=a,e"+ pe™ (6.5) 
and of 6.4 for the moderator is 
waar at Ba (6.6) 


in which a, %, 6, and f, are arbitrary constants to be determined 
from the boundary conditions. Rewriting 6.5 and 6.6, we have 











a 
n= ter + Pa er (6.7) 
r r 
and 
= Bs 
Ny = XH a 7? ae (6.8) 
lor n to remain finite as r > 0 we must have «, = —f,, so we 
may write 
2a, . 
Nn, = — sinh xr (6.9) 
r 
Now 
dn 2a 1 
ae ae ( cosh «xv — - sinh «) | 
dr 7 7 
and 
dp gti 
dy 3D, =? 
The three boundary conditions give us, respectively, | 
© Bs 
2a, . qa B 
— sinh ca = — — = 
a 6D, qeoy a 
and 
2a,D 1 
—— (x cosh Ka — 7 sinh xa) Wee See Pads 
a a 3 a 


Solving for a, % and f, we obtain 
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gas (° 1) 
6D, ae 





ky = 


xa cosh xa — sinh xa 


qa* ( 1) 
_ ye 1 3D, \a* 


b’3 
ia ett) Poca ST 


and 
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Fig. 6.5. Slow neutron distribution in lattice cells of West Stands pile. 


Substituting these values in equations 6.8 and 6.9, and putting 
in the value-of «, we obtain, finally, 


13 y $ 
gas ("; — 1) sinh ("™ ) 
2 (6.10) 


2\4 
vpy\s Cea pat (2) 
3D,r le ("4) cosh D D, 


1 1 








n= 


and 
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3 
2 = 
eon oto tae =) 
"5p (; 2 le \F i 

a Y VU,a 
: 3D, [a (2 c th (7 ) —1| 

dD, 1 
(6.11) 


in which 6’3 = 1-91 88, 

The calculated distribution is plotted in Fig. 6.5, for constants 
appropriate to the West Stands pile. It must be remembered that 
the theory used in the calculations is only rough. 


Graphite -----> 
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Fig. 6.6. Slow neutron flux distribution in lattice cell of BEPO. From 
British Journal of Applied Physics, Supplement 5 (1956), by countesy 
of the Journal. 


By using indium foils to measure the neutron flux in a pile, 
experimental values of the neutron flux (which, for a given velocity 
distribution is proportional to the neutron concentration) can be 
determined. This has been done for a fuel rod in BEPO, the 
air-cooled graphite-moderated natural uranium pile rated at 6 MW, 
at Harwell. The variation of neutron concentration is shown in 
Fig. 6.6. 

We have so far spoken of the distribution in and around 
a single fuel element, but the effect of lumping the fuel is to 
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introduce irregularities in the thermal neutron distribution, that 
would not be present if the reactor were homogeneous, throughout 
the pile. 
The effect on the slow neutron flux plotted along a line passing 
right through the core (but not passing through the fuel elements) 
has also been determined experimentally for BEPO, and the curve 


is given in Fig. 6.7. = 
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Fig. 6.7. Slow neutron flux distribution across core of BEPO. Reprinted 
with permission from Fenning, Progress in Nuclear Energy, Series II, 
Vol. 1. London; Pergamon Press. 


When the distribution of slow neutron flux is known for a 
lattice cell, it is merely a matter of integration to calculate the 
ratio of the average flux in the moderator to the average flux in 
the uranium, this being greater than unity. The average thermal 
neutron flux in the uranium determines the rate of fission; the 
average flux in the moderator is directly related to the absorption 
of neutrons in the moderator and structural materials in the core, 
and to their escape from the core. The excess flux in the moderator 
due to the lumping of the fuel therefore increases neutron wastage. 
The ratio of mean flux of thermal neutrons in the moderator to 
mean flux of thermal neutrons in the uranium is known as the 
disadvantage factor for thermal neutrons, or thermal disadvantage 








NEUTRON SOURCE AND NEUTRON SINK 113 


factor: it has to do with neutrons, not with heat. The disad- 
vantage is one associated with the lumping of the fuel in a 
heterogeneous reactor. 


Fast Fission Factor 


We have discussed the fuel element as a sink for slow neutrons. 
The absorption of the slow neutrons causes fission, as a result 
of which fast neutrons are emitted, and the fuel element becomes. 
a source of fast neutrons. There is a small chance, though not 
an unimportant one, that a fast neutron from a slow fission will 
make a collision before escaping from the fuel element, and cause 
a fast fission. If this occurs, more than one fast neutron is emitted, 
and there is a net gain of fast neutrons. The ratio of fast neutrons 
escaping from the fuel lump to the number liberated by slow 
fission is called the fast fission factor «. The fast fission factor 
represents an advantage of the heterogeneous reactor compared 
with the homogeneous. 

We now consider the neutron economy in the fuel element 
in so far as the fast neutrons are concerned, following the life 
history of 2 fast neutrons originating in slow fission. If # is the 
probability that one of these neutrons makes some sort of 
collision before escaping from the uranium, then (1 — #) first 
generation neutrons escape without collision. 

Of the np neutrons that make collisions, npo,/o bring about 
second generation fission, where o; is the cross-section of natural 
uranium for fast fission, and o the cross-section for collisions of 
any kind. The number of (fast) neutrons emitted per fission in 
natural uranium being », there are upyo,/o fast fission neutrons. 
contributed to the second generation for in the first. There will 
also be npo,/o neutrons from elastic collisions, where o, is the 
corresponding cross-section. Now the most probable energy for 
neutrons emitted in fission is about 1 MeV, and the threshold for 
fast fission in ?38U has nearly the same value. We shall therefore 
assume, as an approximation, that any fission neutron that has 
had an inelastic collision is no longer capable of causing fast 
fission. There are nfo;,/o such neutrons, where o; is the cross- 
section for inelastic collisions. Neutrons that suffer capture without 

' 
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fission are lost. The second generation therefore consists of 


npvo, ‘i npo, wip (@ + **) ys 
o 


oO oO 








say, neutrons having sufficient energy to cause further fission, 
and npo;/o which have been slowed down below the fast fission 
threshold. The probability of second generation neutrons making 
a collision before escaping from the fuel lump is not necessarily 
quite the same as for the first generation, but, as an approximation 
we shall assume it to be so. The error incurred will not be great, 
since the series we are going to sum converges fairly quickly. 

Of the npZ neutrons capable of causing further fission, 
np(1 — p)Z will escape, and np?Z remain to start a third genera- 
tion. Most of the xpo,/o neutrons will escape, because the ab- 
sorption cross-section is small below the fission threshold, and 
elastic and inelastic collisions will not eliminate them, though 
slowing them a little. The total number of escaping second 
generation neutrons is, therefore, np(1 — p)Z + npo;,/o, whereas 
it was n(1 — p) for the first. The second generation was started 
by mp neutrons; we have seen that there are np?Z to start the 
third. In general, successive generations are started by pZ times 
as many neutrons. The total number of escaping neutrons is 
therefore 


n(l — Pp) from the first generation 

+ np(l — p)Z + np ojo 
+ mpr(1 — p)Z? + np?Z o,/0 
+ npi(1 — p)Z* + np>Z? o,/0 
+ etc. 
Rearranging, we have 

n(l — p+ po,lo)(1 + pZ + p22? + PZ? + ..-) 

~_ n(l— p+ palo) 

1—pZ 


from the second generation 
from the third generation 


from the fourth generation 





= ne 
since the fast fission factor e is defined as the factor by which 


the number of fast neutrons emitted in slow fission is multiplied 
. 
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to give the number of (fast) neutrons which e 
S f 
lump. This gives cape from the fuel 


et{o—1) 3] 
a 


o 


=1 
é fs al 


sin = i 
ce o Oy + 0; i o, +o, where o, is the cross-section for 
capture (without fission). 


Table 6.1 


Fast neutron cross-sections in barns, for natural uranium.* 





Elastic scattering 1-5 
Inelastic scattering 2-47 
Radiative capture 0-04 
Fission 

vy = 2:55 0-29 


Using the data * given in Table 6.1 we find 
0-095 p 
1 — 0-52p 
for natural uranium. ¢— 1 is plotted as a function of p in Fig. 6.8. 
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lig. 6.8. Dependence of fast fission factor on probability of collision 
before escape from natural uranium fuel element. 


. These are not the most recent figures, but continue to be used because 
they combine with the approximate theory to give good results. cf. page 304 
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Since » cannot be greater than 1, the maximum value of ¢ is 
1-20. Z = (vo, + 9,)/o takes the value 0-52 for natural uranium, 
and this is also the maximum value of pZ. Since successive 
generations of neutrons are started by pZ times as many neutrons, 
it follows that a lump of natural uranium fuel cannot become self- 
sustaining: for the chain-reaction to be divergent it would be 
necessary for PZ > 1. 

06 


0-5 


0-4 










03 


i 0-2 


* 0:1 








0 \ 2 3 4 5 


Radius in cm ——> 
Fig. 6.9. Probability of collision before escape from rod-shaped fuel 
element, for a mean free path of 5-0 cm. 


The probability » of a fission neutron making a collision in a 
fuel lump before escaping depends on the mean free path and the 
geometry of the lump. It can be computed for any particular 
case by integration. The values for cylindrical rods of different 
diameters are given in Fig. 6.9*. ee 

For the fuel rods in BEPO which are 0-9 in. in diameter, we 
get « = 1-03. In practice, then, the gain in number of neutrons 
from fast fission in the fuel elements is only a few per cent. 


* Littler, D, J. and Raffle, J. F. An Introduction to Reactor Physics, 
p. 115, 1957. London; Pergamon Press, 








CHAPTER 7 


The Fast Reactor 


Fission neutrons liberated in the fuel rods of a natural uranium 
pile cause some further neutrons to be produced by fast fission 
in uranium-238 before they leave the rods, but, as we have just 
seen, the increase in the number of neutrons amounts to only a 
few per cent in practice, and could not, even in principle, exceed 
20 per cent. This limitation comes from the existence of a 
fission threshold in ?38U, and the fact that neutrons easily lose 
enough energy in inelastic collisions to fall below the fission 
threshold. In a lump of uranium-235, on the other hand, there 
is no fission threshold, and neutrons can still provoke fission after 
having suffered inelastic collisions, with the result that their 
number can multiply greatly, even to the extent that a homo- 
geneous mass of uranium-235 can become critical as a result of 
fast fission alone. We shall, therefore, reconsider the treatment of 
fast neutron economy used to calculate the fast fission factor 
for uranium-238, now considering the case of uranium-235, In 
this case attention is focused on the neutrons that stay behind 
rather than on those that escape from the fuel. 


Fast Neutron Economy in Uranium-235 


We start with neutrons originating in fast fission, and again 
let » represent the average probability that one of these neutrons 
inakes some sort of a collision before escaping from the uranium. 
Of the mp collisions, npo,/o result in absorption with or without 
fission, where o, is the cross-section for absorption, and o the cross- 
section for collisions of any kind. We have nfo,/o collisions 
resulting in scattering, with or without loss of energy, but we shall 
not now need to distinguish between these two alternatives, 
though it would be important to do so if we were designing a 
fast reactor, and to allow for the dependence of cross-sections on 
neutron energy. o,is the cross-section for scattering, ando = o, + 9,. 
At the first stage, then, there are npo,/o neutrons absorbed, 
and npo,/o left to make further collisions. As in the treatment 


V7 
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of the fast fission factor, we shall assume that the probability 
of a neutron left over from the first stage making at least one 
further collision is still #; this is not strictly true, but as an ap- 
proximation we shall assume it to be so. There are then np°o,/o 
second-stage collisions, of which np?o,¢,/07 result in absorption, 
and n(po,/o)? in scattering. There will be np(o,/c)? third-stage 
collisions, and so on. The total number of absorptions taking place 
before the original » neutrons have left the uranium-235 is 


wipereer (el) J 


to) 





npoa 
o — po, 
If 7 neutrons are emitted per neutron absorbed, corresponding 
to v per fission, so that 70, = ?y, there are npyo,|(o — po.) 
neutrons emitted to replace the original m which have either been 


absorbed, or have escaped. Fora steady state these numbers must 


Oq 
be equal. The condition of criticality is, therefore, ae =I, 
o — po, 


o o 
whence $ = ——_~ = — 7, 
NO, +O, V+ Gs 


Average Collision Probability for a Sphere 


The criticality condition enables us to calculate the radius of 
a critical sphere of uranium-235 if we know # as a function of the 
radius. p is the probability of the particle making at least one 
collision before escaping from a sphere, averaged over a uniform 
distribution of starting points throughout the sphere. The actual 
distribution of starting points is not uniform; the error incurred 
by this assumption will be considered later. The calculation is a 
purely geometrical problem, and it is immediately apparent that 
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Fig. 7.1. 


p will be function a of R/A only, where F is the radius of the 
sphere, and A the mean free path. 

Referring to Fig. 7.1, we consider particles starting from a 
point at a distance v from the centre, and take an axis through 
the centre and this point. Let one of these particles start at an 
angle 9 to this axis. The plane of the paper has been chosen so 
that the direction of motion of the particle is in the plane. Let 
be the distance the particle would go before leaving the sphere 
if no collision occurred. The angle 9 defines a cone about the 
axis in the figure. The probability of a particle starting in a direc- 
tion within this cone is equal to the solid angle at the vertex of 
the cone divided by 42, since all directions are to be taken as 
equally probable. The probability is 





1 ro 
ee 2 bf 
rey ze sin ada 
= 4(1 — cos 9 
Now 2 ) 
R2 — 7 — x? 
cos 6 = iat 
27x 
so that 
1 2 _ 92 
4(1 — cos 0) = = (1 pk x. =| 
2 2Qrx 2Qr 
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This probability, that a particle sets off within the cone, is the 
probability that it starts with the expectation of travelling a 
distance between R — 7 and a before leaving the sphere, if no 
collision occurs. The probability that it starts with the expecta- 
tion of travelling a distance between Kk —7 and a + 6x is 
a(t beta ae Se 
2 2re 2r 2 ox Qra 2r = 
and the probability that it starts with the expectation of travelling 
a distance between aw and x + dz is 


at R?— 7? “Jo 
2 Ox 2rxu ga - 


i —7 * ‘)6 
i= Ara? 4y : 


provided that R+1r>%> R —r; otherwise the probability 
is zero. 

We require to average the expression for all y between 0 and 
R, but weighting so that there is an equal probability of starting 
in all elements of volume within the sphere. For a given 2,7 
must lie between R — x and R if x < R, or between x — R and 
a+ Rif 2R >a > R, in order that the sphere of radius x shall 
intersect the sphere of radius R, but there is the additional limita- 
tion that r + R to be applied in the second case. The required 
average is, therefore, 


aml. " (P+ cla 
Vv — —_— 
42. R3 J rw 7 4rx? 4y if 


when a < R, and 


sda ® ‘ (F—* 1\ 4 
ale ae 
when 2R > a> R, and zero for « > 2R. 

Since it is apparent that only even powers of y occur after 
integration, the different sign of the lower limit in the second 
case makes no difference to the value of the integral, and we may 
write, for the full range 2k > # > 0, 
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36x (® (rv (RR? — v2 + 2?) 
R83 hes 4x2 o 
The integration is straightforward. We obtain 
Ae eee 
cea eae 
— 3da [4(R? 2 2 
Tyg THR? + 2°) (R8 — (R—2)%} — RE (R — 2) 4] 
- 36x ie 
16 Rist (R — x)*}{2R2 + 2a? — R? — (R — x)?}] 
30a 
= SaRas (2Ra — x?)(2Ra + x?) 
_ 3(4R? — at) 
Terr 


for 2R >a > 0. 

We saw on page 100 that the probability of a particle surviving 
a distance # without collision is e~**, Multiplying this by the 
probability of a particle setting out to go a distance between and 
« + 6x, and averaging, we obtain the probability of particles escapin 
from the sphere without colliding. This is 1 — p. Thus we find 


3 p2R 
1—p= aml (4R2 — a?)e* da 





16R3 J, 
Making the substitution z = —2/A reduces this to 
313 p-2RIA /4 R2 
1—f=— z 
p=—ioml, Gr —#)ee 


I he first term integrates immediately; the second term requires 
integration by parts twice. The result is 











l oe 373 [4 R2 r We 5 —2R/A 
16R3 L 22 zp 2)er]) 
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p is plotted as a function of R/A in Fig. 7.2. It must be remem- 
bered that it is calculated on the assumption of the probability 
of a particle starting within an element of volume being on 
dependent of the position of that volume within the sphere. ie . 
applying it to determine the size of a critical sphere of uranium-235, 
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Fig. 7.2. Probability of making a collision before escape from a sphere. 


therefore, we are assuming the neutron flux to be constant within 
the sphere. In fact, the flux will fall off from the centre to the 
surface, because neutrons are moving outwards and being lost. 
This means that starting points near the centre are a@ prior more 
probable than those further out, and they are the ones me 
likely to involve collision on the way out. The value of p for t : 
actual case is, therefore, somewhat greater than for the assume 

conditions. The value of R/A for a given p is somewhat less. 


The Critical Sphere of Uranium-235 


We are now in a position to calculate the size of a critical 
sphere of uranium-235. The method is equally applicable k 
plutonium-239, since the conditions we assumed were that t ‘ 
fissile material is unmoderated and becomes critical because 0 
fast fission. This is the simplest case of a homogeneous reactor. 

We found that fast neutron economy leads to criticality when 
p = a| (vo, + 2,)- Taking o, = 1:3 barns, o, mm 608 barns, ih 6-5 
barns and » = 2°6, we obtain p = 0-77 for uranium-235, Referring 
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to Fig. 7.2, we find R/A = 3-0. 4 is to be calculated (cf. page 99) 
from the total collision cross-section o, and comes out to be 3-2 cm. 
Our calculations, therefore, lead to a critical radius of 9-6 cm, 
but as we have seen, this value will be somewhat too high. Before 
comparing it with the experimental figure, we will look at the 
theory from another angle. 


Application of Diffusion Theory 


The method we have just used to calculate the critical size of a 
sphere of uranium-235 leads to the conclusion that its diameter 
is almost exactly six mean free paths. A neutron will, therefore, 
usually make several collisions before escaping, but not a large 
number. We have paid due attention to this in the calculation, 
following the zig-zag path of the neutron when considering the 
neutron economy, but we were not able to allow for the fact that 
the neutron concentration falls off from centre to surface. Treating 
the problem as one of diffusion enables us to deal with this 
variation in concentration, but it is open to the objection that 
diffusion theory assumes the mean free path to be small compared 
with the geometical parameters, when actually it is not. We shall, 
nevertheless, apply diffusion theory, afterwards looking for a way 
of correcting for the faulty assumption. The treatment resembles 
that used when considering a fuel lump as a sink for slow neutrons. 
We require the diffusion equation for spherical symmetry when 
neutrons are being generated within the medium at a rate that 
just balances the loss by diffusion. Instead of the uranium being 
a sink (for slow neutrons) with neutrons diffusing into it from 
the moderator, the uranium is now a source (of fast neutrons) 
with the neutrons diffusing out into empty space. The equation 
for a sink was 

d’n 2dn 
p(n +) —vun(r) = 0 


‘or a source we must change the sign of the second term, which, 
for the production of neutrons by fission, becomes vu(y—1)n(r), 
where « is now the absorption coefficient or macroscopic cross- 
section for absorption of fast neutrons, and 7 is the average 
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number of neutrons ejected when one fast neutron is absorbed. 
The equation we require is, therefore, 
dn 2 *) 
—+- > vu(n — 1)n(r) = 9 
(5 a y dr EOE ) 
Writing D = 4d, (cf. page 106) we get 
—1 
d2n 4 2dn  3u(n ) Mess 
dr? or dr Aer 
This is a particular case of the general reactor equation. It is of 
the form 








dm  2dn 

tray 

where B? = 3u(n — 1)/Ay- The equation is equivalent to 

2 

dr? 

which is familiar as the equation of simple harmonic motion. 
Its solution is 


+ Bn =0 


(rn) = — Brn 


yn = acos Br + Bsin Br 


in which « and f are arbitrary constants. Since » must be finite 
for y = 0, it follows that « = 0. This gives 


n= B sin Br 
y 
Neutrons which cross the surface of the sphere are at once lost: 
the surface behaves like a perfect absorber as far as diffusion 1s 
concerned, thus the concentration must be zero at the surface. 
If Ris the critical radius, we thus have sin BR=0, and BR= mn, 
where m is an integer. The integer must be unity to avoid negative, 
and therefore meaningless, values of n. The solution becomes 


with 
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The constant f is still arbitrary: it appears from the mathematics, 
as was indeed known already, that any level of neutron flux 
represents a steady state when the reactor is critical. 

Ay is to be calculated (cf. page 99) from the collision cross- 
section for scattering, and comes out to be 4:12 cm for 7°U. 
u is 0-069 cm-! and 7 is 2-3: from these figures we find the 
critical radius to be 12-1 cm while the critical radius calculated 
by the first method was 9-6 cm. 


The Extrapolation Correction 


The neutron distribution (of concentration or flux) calculated 
by diffusion theory is proportional to (sin 2u)/xu (with u = 7/R), 
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Fig. 7.3. Flux distribution in critical sphere. 


and this is plotted in Fig. 7.3. It is far from being the uniform 
distribution assumed in the first method of calculating the 
critical radius, and we recall that the error so introduced leads 
to an over-estimate of the critical radius. The application of 
diffusion theory will also involve an error, arising in this method 
from the assumption that the mean free path is small compared 
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with the radius. We shall now show how to apply a correction 
to allow for this, and it will appear that the uncorrected value 
of the critical radius obtained from diffusion theory is again an 
over-estimate. 

Diffusion theory will begin to fail when there is an appreciable 
concentration change in a distance comparable with the mean 
free path. It seems likely that the effect will be worst at the 
boundary with empty space. Here diffusion theory calls for zero 
concentration, because a concentration discontinuity at the boun- 
dary would imply an infinite rate of diffusion. When treating 
a neutron population as a problem in random movement, however, 
there is no objection to a finite concentration at the boundary 
with empty space; the rate at which neutrons cross the boundary 
depends on how many in its neighbourhood have suffered their 
last collision, and how fast they move. This can be related to the 
diffusion coefficient, as we shall now show. 

Consider a neutron distribution of infinite extent, for which ” 
is a function of the space coordinate z only. In general, neutrons 
will be diffusing across any 2%, y plane due to a concentration 
gradient in the z direction. We shall consider first the neutron 
current perpendicular to the plane z = 0, and then what happens 
if the material below this plane is replaced by empty space. 
Let m, be the concentration for z = 0. Neutrons will be crossing 
the plane z = 0 in both directions, but more will come from the 
side where the concentration is greater. The number crossing in 
one or the other direction will be appropriate to the concentration 
at the level from which the neutrons have just come, that is, 
where they last collided. The rate of diffusion across the plane 
z= 0 will be the difference between the two neutron current 
components J, and J_, wpwards and downwards, respectively. 

To avoid evaluating a triple integral we shall look at the problem 
in a very elementary way, assuming that the movement of neutrons 
in all directions in space is equivalent to one-sixth of them 
travelling (all with the same velocity) along the positive direction 
of z, one-sixth along the negative direction, and similarly for the 
x and y directions. This assumption, incidentally, gives the right 
value for the pressure of a gas according to the kinetic theory. 
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If we choose a point at random along the zig-zag path of a neutron 
the distance that it has probably come since the last collision ‘ 
the same as the distance that it will probably go to the next 
collision, the direction of motion having no relevance. We have 
shown (page 100) that this probable path is equal to the mean 
free path when collisions are random. J, is therefore made u 
from one-sixth of the neutron population at a distance aly 
the plane z = 0, and J_ from one-sixth of the neutron population 
at a distance A, above. The resultant upwards current is 
= — why 3. 


T= 5 (me EL) — (ete |) 
dz 


6 dz dz 
J. —J- = —D(dn/dz) |,-9 by definition, so D = 4vdy,, as we 
have already proved on page 106. 4 
If, now, we remove the material below the plane z= 0, J. 
becomes zero, and we may assume that, to a first approximation, 
J_ is unchanged. The downwards current therefore becomes 


dn ) 
dz z=0 

Referring to Fig. 7.3 it is seen that dn/dr does not vary much 
near the surface of the sphere. If, therefore, a tangent is drawn 
to the distribution curve for 7 = R — c, where c is not too large 

it has nearly the same slope as for 7 = R. The Arectie cnet 
y = R—c is, therefore, approximately —c(dn/dr) | —R-¢: SUP- 
pose, now, the material outside 7 = R — c were nemioved from a 
sphere in which the neutron distribution is steady. The rate of 
loss of neutrons from the new surface is given by our formula if 
conditions at z = 0 are identified with conditions at 7 = R —c 

a nd the positive direction of z with the negative direction of : 
lhis makes the neutron current leaving the surface 


v (—< dn dn 
6 dr te Oe, 


r=R—-c dy 


| 








2z=0 


du 





z=0 


Uv 
6 No + her 














The neutron current approaching the surface is 





OK 
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dn 4 dn | 
= — qu tr 
dr | ir=R—c dy r=R-c 


If c is chosen so that the current approaching the surface is 
equal to the current leaving the surface, we shall still have a 
steady state according to diffusion theory corrected to allow for 
the improved boundary condition. This gives c = 4,,, and the 
revised value of the critical radius is R — Ay. 

Our conclusion is, that in order to correct the critical radius 
determined from simple diffusion theory, to allow for the mean 
free path not being small compared with the critical radius, 
c = 4,, must be subtracted from the critical radius so calculated, 
where c is known as the extrapolation or augmentation distance. 
If we had followed through the triple integration, we should have 
obtained c = 34,,; a still more detailed theory gives c = 0-71/,,. 
The critical radius for uranium-235 calculated from simple dif- 
fusion theory was 12-1 cm, and A,, is 4:12 cm, therefore the cor- 
rected value of the critical radius is 9-2 cm, using the accurate 
formula for the extrapolation distance. 

Our three theoretical values of the critical radius, and the 
experimental value determined from the reactor described in the 
next section, are listed in Table 7.1. In view of the approximations 
tacitly implied in the theories used, the agreement is satisfactory. 
No great significance should be attached to the discrepancies; 
we have not examined the credentials of the numerical data used 
in the calculations, except that the values chosen are self-consistent. 
Actually, a more detailed theoretical treatment gives agreement 
to within 1 per cent of the experimental value using the best data, 
but it must be admitted that some of the best data are better 
determined from the reactor itself! 


Table 7.1 


Critical radius of a bare sphere of uranium-235 


EY 


Collision theory 9-6 cm 
Simple diffusion theory 12-1 cm 
Corrected diffusion theory 9-2 cm 
Experimental value (90% ?85U) 8-6 cm 


ee UU EUEUEEENEEEEEEEEEEEEne! 
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The GODIVA Critical Assembly 


The case of criticality we have considered in this chapter is 
theoretically the simplest and, therefore, the most suitable for 
comparing theory with experiment. It is also simple to set up, 
subject to the qualifications that it calls for the expensive 
uranium-235, is dangerous to assemble, and cannot be efficiently 
cooled. Its simplicity makes it particularly suitable for carrying 
out various physical measurements. A reactor consisting as 
nearly as possible of a bare sphere of uranium-235 was built 
at Los Alamos, New Mexico, and was known by the name of 
‘Lady Godiva’, * 
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lig. 7.4. Components of GODIVA critical assembly. By courtesy of Los 
Alamos Scientific Laboratory. 


The assembling of the critical sphere from very subcritical 
pieces was carried out by remote control using selsyn indicators, 
and television to follow the proceeding, the control room being 
about a quarter of a mile from the reactor laboratory which was 


* Peterson, R. E. and Newby, G. A. Nuclear Science and Engineering, 
Vol. 1, p, 112 (1956), 
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built against a cliff. This did, in fact, ensure safety for the operators, 
when the reactor ultimately wrecked itself. * The sphere was 
assembled to just subcritical from three major components, 
shown in the exploded assembly drawing, Fig, 74,°* These 
components were supported by light steel tubes, as shown in 
Fig. 7.5, the upper and lower ones being moved into position by 
pneumatically operated pistons. Precise positioning was ensured 
by locating cones, the assembly being under slight compression 
in its final position; the supports could therefore be kept very 
light. The shim section was added when it was found that the 
critical mass had been under-estimated. Small adjustments of 





Fig. 7.5. Remotely controlled assembly of GODIVA. By courtesy of 
Los Alamos Scientific Laboratory. 


* Nucleonics April (1957) 104. ; ; 
** The ‘Glory Hole’ is for high flux irradiation of experimental material, 
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mass were made by inserting screwed plugs into cylindrical recesses 
provided for them in the surface of the sphere. The final adjustment 
was made using uranium-235 control rods — one shim rod and one 
regulating rod. There was no safety rod, an emergency shut-down 
being effected by separating the upper and lower components 
of the sphere from the centre one. The assembly could be taken 
apart in any order, but interlocks on the controls were provided 
to enforce the following order of bringing them together. 


(1) The upper section descends. 


(ii) Only if the control rods are withdrawn, and the booster 
neutron source is close to the reactor (to ensure adequate indica- 
tions on the instruments), the lower section is raised. 


(iii) Control rods are inserted but the speed is limited to very 
slow. The neutron source can be removed if desired. 

The equatorial diameter of the assembly was 6% in., and the 
critical mass (of 90 per cent uranium-235) proved to be ap- 
proximately 49 kg. An additional mass of between 1-2 and 1:3 kg 
brought the reactor up to prompt-critical. 

The maximum permissible power for continuous operation was 
1 kW, but for quantitative measurements it was kept down to 
less than 1 W because the reactivity was very sensitive to tem- 
perature. This was due to thermal expansion altering the density 
p of the uranium. The microscopic cross-sections o, and o,, and , 
are independent of temperature, but the number of atoms per 
cm? changes in such a way as to make uw proportional to the den- 
sity, and A, inversely proportional. Since 


Raa (5) 


R varies as p~!, and hence arp, the critical mass, varies as p~’. 
This makes the temperature coefficient of reactivity negative. 

Recalling that the reproduction ratio ker, is unity at delayed- 
critical, and larger at prompt-critical, it is customary to divide 
the range between delayed-critical and prompt-critical into 100 
‘cents’, the full range being sometimes referred to as a ‘dollar’. 
The reactivity temperature coefficient for GODIVA was cal- 
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culated to be —0-34 cent/°C, but experiment gave the somewhat 


larger value of —0-40 cent/°C. 
Advantage was taken of the negative temperature coefficient 
to produce powerful bursts of neutrons by operating the reactor 


i 10 20 30 40 50 60 70 80 90 100 Il 








































































































































































































































































































10° 

a tt 

Uz | 
10! = S= 
= + i 
| 

io"! 

PERIOD 

IN 

SECONDS —— 
1o~? 
1073 

o—EXPERIMENTAL 
MEASUREMENTS t 
10-4 —— THEORETICAL : 
y 
—t+ 
tor8 GODIVA PERIODS vs REACTIVITY 
t 
ERS SS 
DELAYED - CRITICAL PROMPT — CRITICAL 
+ 





























Oo 10 20 30 40 50 60 70 80 90 100 110 
REACTIVITY IN. CENTS 


Fig. 7.6. Period of GODIVA. By courtesy of Los Alamos Scientific 
Laboratory. 


above prompt-critical. The procedure was to bring the reactivity 
up to 10 cents, then to propel a rod of uranium-235 into a hole 
in the sphere so as to increase the reactivity by 100 cents, by using 
an explosive charge. The reactor period (time for the flux to 
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Fig. 7.7. Structural damage in immediate vicinity of reactor following 
accidental prompt-criticality of GODIVA. The control room was at a safe 
distance of } mile. By courtesy of Los Alamos Scientific Laboratory. 





lig. 7.8. Structural damage to a building } mile from the centre of damage 

following explosion of uranium-2365 fission bomb, Reproduced from The 

L/fects of the Atomie Bombs at Hiroshima and Nagasaki (1946), by courtesy 
of the Controller, H.M,S,0, 
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increase e-fold) is shown in Fig. 7.6. At prompt-critical it is 
0-74 msec, this is reduced to 12 psec at 10 cents above prompt- 
critical. The result of the sudden increase in reactivity is a very 
rapid rise of flux accompanied by a similarly rapid expansion 
due to rise in temperature; this expansion quickly reduces the 
reactivity to well below prompt-critical. Since the neutron build- 
up was formed from prompt neutrons alone, the time-scale having 
been too short for delayed neutrons to make any appreciable 
contribution, the expansion rapidly terminates the neutron burst, 
and the reactor is left in a delayed-critical condition which can 
be controlled in the usual way. The instantaneous power generated 
in a typical burst was 10* MW, 0-18 kWh of heat being liberated 
in 64 psec, and the resulting rise in temperature 100°C. There 
would be about 2 x 10'6 neutrons emitted in the burst. These 
bursts were accurately reproducible. 

After a long life the reactor was accidentally wrecked, not as a 
result of malfunctioning, but because some material containing 
uranium, which was being irradiated, accidentally moved nearer 
to the reactor. The uranium reflected neutrons back into the 
sphere, so increasing the reactivity. The consequence was that a 
burst was generated which was six times larger than normal. 
The resulting damage is shown in Fig. 7.7. The uranium screws 
holding the parts of the sphere together were ruptured, and the 
sections deformed and oxidized. Some of the steel supports were 
bent and broken, so that the sections of the sphere had moved 
right out of position. 

It would seem virtually impossible to ensure that accidents 
of this kind never occur; it follows that safety precautions must 
be planned on the assumption that they will occur sooner or later. 
It must be realized that the photograph does not show the most 
dangerous features of the accident — the tremendous neutron 
burst at the time, and the induced radioactivity near the 
reactor remaining afterwards. It should be mentioned that 
although the accident to GODIVA occurred when the reactor 
was being used for a purpose for which it was not originally 
designed, the safety precautions that had been taken were 
fully adequate. 
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The Fission Bomb 


It is perhaps surprising that the result of GODIVA becoming 
unintentionally highly supercritical should not have caused more 
damage, but the nuclear reaction is terminated by the expansion 
of the sphere to subcritical remarkably quickly. We understand, 
then, why it is exceedingly difficult to circumvent this when 
designing a fission bomb. To do it, the period must be made as 
short as possible; the fissile mass must be made as supercritical 
as is compatible with the requirement that the explosion shall 
not occur prematurely and so prevent the proper assembling of 
the components of the critical mass. The assembling must be 
performed rapidly; this is ensured by shooting the components 
together using normal explosive charges, or by an ‘imploder’ which 
compresses the subcritical mass by means of surrounding it with 
an exploding charge. Then, to obtain the maximum possible effect 
from the short period, before the bomb has expanded to the stage 
at which the reaction stops, the initial neutron concentration 
must be as high as possible. This requires the use of a booster 
neutron source. When all the difficulties in the way of making a 
nuclear explosion efficient have been overcome, the result is 
very different from that shown in Fig. 7.7. It is shown in Fig. 7.8. 


Industrial Fast Reactors 


. The natural uranium pile is large because the chain reaction 
is maintained principally by uranium-235, though with a little 
help from uranium-238, the uranium-235 constituting less than 
| per cent of the fuel. It is also large because a moderator is needed 
to slow the neutrons. The fast reactor requires relatively pure 
fissile fuel, and, of course, no moderator; it is, therefore, quite 
small. For experimental use at low power this is a great advantage, 
but for power operation the high specific power involved makes 
cooling extremely difficult. Nevertheless this type of reactor is 
likely to have an important industrial future. It is insensitive to 
poisoning, and to wastage of neutrons through parasitic absorption 
in the core, because absorption cross-sections are relatively low 
for fast neutrons (cf. Table IV, Appendix). Most important of all 
the fast reactor can be used for breeding (cf. page 72). , 
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In a converter reactor such as those at Calder Hall, less than 
one plutonium atom is formed for one uranium-235 atom con- 
sumed. The production of the secondary fuel plutonium, though 
supplementing the naturally occurring uranium-235, does not so 
much as double the amount of fissile fuel available. A power- 
breeder reactor, however, in which plutonium is burnt in the core, 
and more plutonium formed by the absorption of neutrons in 
uranium-238 in a ‘blanket’ surrounding the core, can certainly 
produce more plutonium than it consumes, perhaps even one and 
a half times as much. It can, therefore, be used to make as much 
fissile material available as there is uranium-238 to feed into it. 
If the power from the breeder is utilized, all of the obtainable 
natural uranium, not merely the uranium-235, can be burnt as 
fuel, directly or indirectly. 

Of the neutrons emitted in fission, one per fission is required 
to maintain the chain-reaction, and breeding requires at least 
one per fission to be left over after allowance has been made for 
parasitic absorption and leakage. » must therefore be a good deal 
greater than two. Reference to Table V in the Appendix reveals 
that plutonium, with » = 2-9 for fast fission, is the best fuel, 
and that there is much more hope of breeding with a fast than with 
a thermal reactor. 


ZEPHYR 


Breeding plutonium from plutonium was first demonstrated at 
Harwell in the experimental reactor known as ZEPHYR (zero 
energy phast reactor), which became critical on 5 February 
1954.* The reactor was designed to investigate the physics of the 
problem, for which a few watts of power were adequate; there was, 
therefore, only natural cooling. The induced radioactivity after 
shut-down was not so great as to make access to the core dangerous 
and the layout was designed so as to facilitate rapid changes 
in the geometry of the core. The controls were planned so that 
interlocks made it impossible for the reactor to be anything but 
highly subcritical whilst this was being done. They included a 
magnetic lock on the door; and 2 ft concrete walls, with a 1} ft 


* Holmes, J. E. R. et al. Journal of Nuclear Energy, Vol. 1, p. 47 (1954), 





THE FAST REACTOR 137 


removable concrete roof, gave sufficient protection from radiation 
in the control room just outside. 

The reactor consists of an assembly of vertical rods, arranged 
as shown in Fig. 7.9. Vertical sectional drawings are shown in 
Fig. 7.10, for the two positions of ‘open’ for loading, and ‘closed’ 
for working. The control of this reactor depends on a different 
principle from those we have so far encountered. GODIVA was 
controlled by varying the amount, or the effectiveness, of the 
fissile material in the core. The standard method of control for 


Experimental 


channels 





lig. 7.9. Horizontal cross-section of core and envelope of ZEPHYR. 
KXeprinted with permission from Codd, Shepherd and Tait, Progress in 
Nuclear Energy, Series I, Vol. 1. London; Pergamon Press. 


a slow reactor is to insert or remove control rods of absorbing 
material. The core of ZEPHYR is surrounded by an envelope 
of natural uranium which serves to absorb most of the neutrons 
escaping from the core, so producing plutonium, but which reflects 
(strictly scatters) some of them back into the core, so decreasing 
the loss by escape from the core, and therefore increasing the 
reproduction ratio. The reactor is well subcritical in the absence 
of the blanket. The reproduction ratio is varied by altering the 
degree of proximity of uranium in the blanket to the core, thus 
altering the number of neutrons reflected back into it. 
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The fissile fuel elements are canned in nickel and arranged in a 
cylindrical matrix 15 x 15 cm. Less fissile material is required 
than in GODIVA because of the reflector. Dummy elements of 
natural uranium also canned in nickel are used during the loading 
operation to fill the positions not yet occupied by the live plu- 
tonium elements. This enables the transport of neutrons through 
the core to be kept nearly the same while increasing the amount 
of fissile material. Regulating rods of natural uranium are raised 
and lowered close to the core to alter the reflecting efficiency of 
the blanket and so control the reproduction ratio in the neigh- 
bourhood of criticality; there is insufficient fissile material to reach 
prompt-critical. The regulating rods are held magnetically to 
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Fig. 7.10. Schematic drawings of ZEPHYR (elevation). Reprinted with 
permission from Codd, Shepherd and Tait, Progress in Nuclear Energy, 
Series I, Vol. 1. London; Pergamon Press. 


motorized carriages, so that interruption of the magnet current 
allows the rods to fall away from the core. It is to be noted that 
reflector rods shut down the reactor when they are out, absorber 
rods when they are im. Emergency shut-down is brought about 
by the rapid removal of a safety block which is part of the uranium 
blanket. The block is underneath the core, and is carried by a 
piston in a double-ended cylinder. At the upper end compressed 
nitrogen applies a downwards force; this is resisted by the oil 
which fills the lower end. The oil can be released by the ‘scram’ 
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signal opening an electromagnetically controlled valve. The safety 
block then falls with a high acceleration. 

With the regulating rods withdrawn, the reactor then being 
subcritical, the control interlocks enforce the following order of 
assembly: 


(i) Top section of blanket lowered into position. 

(it) Reactor room vacated, and door closed. 

(iii) Main section of blanket raised into position. 

(iv) Safety block raised (speed limited to low value). 

(v) Regulating rods inserted (speed limited to low value). 


The reverse order is enforced for a normal shut-down. 
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nh—— 
Fig. 7.11. Approach to criticality of ZEPHYR. Reprinted with permission 
from Codd, Shepherd and Tait, Progress in Nuclear Energy, Series I, Vol. 1. 
London; Pergamon Press. 


The fast neutron flux is monitored using fission chamber 
counters. These chambers are lined with a fissile material, and 
the pulses of ionization caused by fission fragments counted. 
There are three small chambers close to the core, and a more 
sensitive annular one surrounding it. When bringing the reactor 
up to critical a booster source of neutrons from radium and 
beryllium is inserted into the central channel. To obtain straight 
line extrapolation when plotting the approach to criticality, it was 
found best to plot n#C,/C,, against , where C, is the initial 
counting rate, and C, that after inserting rods. In general, 
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the best function to plot depends on the geometry of the set-up, 
and may be found empirically. Plots for ZEPHYR are given in 
Fig. 7.11. 

Although ZEPHYR is designed to consume fissile plutonium, 
there is a considerable amount of fission in the uranium-238, and a 
significant amount of fission in uranium-235, in spite of its small 
concentation. In a power-breeder uranium-238 undergoing fission 
would be bonus fuel, so, when drawing up a balance sheet for 
ZEPHYR, this should be credited. Fission in uranium-235 is to 
be debited, alongside that of plutonium, because both represent 
consumption of normally fissile fuel put into the reactor. In order 
to draw up a balance sheet, it is necessary to know the fission 
rate in different nuclides in different parts of the reactor, and 
integrate. Fission rates have been determined by using fission 
chambers containing the appropriate nuclides, which were, so to 
speak, samples. One also requires to know the rate of production 


‘of plutonium. This was found without waiting for the uranium-239, 


and neptunium-239 to decay to plutonium, by measuring the 
beta activities of these two forerunners of plutonium. The balance 
sheet found is exhibited in Table 7.2. The breeding ratio, or number 
of fissile atoms produced for one consumed, is 2:1. 


Fast Power Reactors 


Serious technical difficulties are encountered when attempts 
are made to run a fast reactor at power, and it is still uncertain 
how far they can be overcome. Most of these difficulties arise 
directly or indirectly from the small size of the reactor core 
which involves high flux density and high specific power. To 
remove the heat it is necessary to rely on a liquid metal coolant, 
sodium being particularly suitable, because it is a poor moderator, 
and does not-attack structural materials such as low-carbon iron, 
stainless steel and Inconel. Some sodium oxide formation is 
inevitable, however, and its removal, necessary to prevent 
plugging of the coolant tubes, is remarkably difficult. High 
specific power makes it necessary to subdivide the core into a 
large number of elements in order to get enough coolant to the 
fuel. Differences between individual elements make some run 
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Table 7.2 
Balance sheet for 100 fissions in ZEPHYR. 











Process Neutrons absorbed Neutrons produced 

239Pu fission 644+ 3 195 + 9 

235) fission 10+ 1 26+ 3 

238[) fission 26+ 2 65 + 5 

239Py absorption giving *4°Pu + 0 

25 absorption giving ?°U 2 0 

238) absorption giving 2%U 168 + 17 0 

Leakage 30 0 

Other capture Negligible 0 

Total 304 + 18 286 + 11 








hotter than others; to minimize this, close tolerances must be 
adhered to in construction. 

There are dangers associated with fast reactors that do not 
arise with natural uranium piles. The period just above prompt- 
critical may be several orders of magnitude shorter with a fast 
reactor than with a slow, simply because the neutrons are fast, 
and this makes it specially important to eliminate the possibility 
of exceeding prompt-critical. Now the critical mass of a sodium- 
cooled fast reactor is about twice that of a similar water-cooled 
slow reactor. It is therefore necessary to be absolutely sure that 
any loss of sodium coolant cannot result in its replacement by 
another substance such as water which is a good moderator; if 
this occurred the reactor might become highly supercritical. A 
danger more difficult to circumvent arises from an instability 
of the fuel elements. If one side of an element is hotter than 
the other, the element bends so as to move over to the hot side. 
This constricts the coolant channel there, and the situation 
becomes worse. If the bowing is towards the centre of the core, 
the fuel becomes more compact, and the reactivity increases; 
this introduces a positive temperature coefficient to make matters 
still worse. Such a reactor, even though well designed at first sight, 
can actually melt its core without much warning, and without the 
reactivity having been pushed up very high. A molten core at 
once introduces another danger, for if the liquid fuel collects 
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together in a compact mass, the reproduction ratio will be greater 
than ever, and the mass can easily become prompt-critical. The 
reactor, therefore, must be designed so that a melt-down cannot 
lead to this result. The design problems are somewhat mitigated 
by the absence of any need to allow for the effects of poisoning 
when choosing the charge for first loading. In the case of a thermal 
reactor, as much as ten dollars of reactivity may be built in at 
the start in order to guarantee being able to reach criticality at an 
advanced stage of burn-up; in the case of a fast reactor less than 
one dollar is sufficient. This, however, refers to the core as designed, 
and does not exclude the possibility of going beyond prompt- 
critical during a melt-down. 

A melt-down did occur in a fast experimental power reactor 
known as EBR-1, though without serious consequences. It is 
believed that the molten core vaporized some of the sodium, 
forming pockets which prevented complete coalescence of the 
fissile fuel. EBR-—1 also exhibited the inconvenient and dangerous 
behaviour of resonant power excursions. These have not found a 
completely satisfactory explanation, but it is to be noted that the 
reactor had an immediate positive temperature coefficient com- 
bined with a negative delayed one. 

Coolant failure is a more serious matter in a fast reactor than 
in a slow. Even if the chain-reactionis shut down at once, the high 
concentration of fissile fuel, and therefore of fission products, 
can lead to melt-down from fission product after-heat. If this 
were followed by coalescence to a prompt-critical mass, a serious 
disaster would follow. 

A reliable fast power breeder reactor is clearly going to be very 
difficult to design, and costly to build. It also requires a large 
charge of expensive fuel. Furthermore, the flux density is high, 
and this necessitates frequent reprocessing of fuel elements because 
of radiation damage. Reprocessing is necessary after the order of 
2 per cent burn-up reckoned in terms of all atoms in the fuel 
element. For example, if the fuel were uranium enriched to 
20 per cent, the burn-up would be 10 per cent of the uranium-235, 
In this instance a fuel atom might be reprocessed ten times before 
being finally consumed. 








CHAPTER 8 


The Moderator 


The slow reactor, which we have still to treat theoretically 
differs from the fast, which we have just considered, in that the 
fission neutrons have to be slowed down in a moderator so that 
they can continue the chain-reaction by slow fission, in cases 
that are unfavourable to reproduction by fast fission. The moderator 
and fuel are mixed in the homogeneous reactor, but separated 
in the heterogeneous reactor. We shall first consider the slowing 
down mechanism in pure moderator. It will appear that the 
moderator should have a low atomic weight, and, of course, it 
must have a small absorption cross-section so as not to waste 
neutrons. Inelastic scattering may be neglected for elements of 
low atomic number and neutrons in the fision range of energy 
The slowing down of neutrons in the moderator is therefore the 
result of imparting some of their energy to the moderator atoms 


in each elastic collision, according to the laws of classical 
mechanics. 


Collision Theory 


The mean free path between collisions is A, where A, is the 
inverse of the macroscopic cross-section for elastic scattering. 
The angle through which the neutron is scattered is different in 
different collisions; the probability of scattering through a given 
angle depends on the angle. To an observer moving with the 
centre of mass of the system consisting of neutron and scattering 
atom, however, the scattering would appear to be uniformly 
distributed through 42. This is predicted by wave-mechanics 
for elastic scattering, and found to be a correct representation 
of the experimental law of distribution in scattering angle as 
observed in the laboratory system of coordinates. It is, therefore 

convenient to transform from the laboratory system of coordinates 
to a system moving with the centre of mass, when considering the 
consequences of elastic collisions. The effect of a collision proves 
to be very simple in the centre of mass system; the result will be 
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derived for the collision of any two particles for which energy 
and momentum are conserved. We do not need to enquire about 
the mechanics of the collision itself. 

Let m, and m, be the masses of the particles, V, and V, their 
vector velocities before collision, and V; and Vj, their velocities 
after collision, all in the laboratory system. Let U,, U, and Uj, 
Uy be the corresponding vector velocities in the system which 
moves with the centre of mass. The velocity of the centre of mass 
W in the laboratory system is given by (m,V, + m,V,)/(m, + mg). 
The numerator is the total momentum in the laboratory system. 
Since this is unchanged by the collision, the motion of the centre 
of mass is unchanged by the collision. 
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Fig. 8.1. Velocities before and after collision. 


We have U, = V, — W = m,(V, — V2)/(m, + mz), U, = V.— W 
= m,(Vz — V,)/(m, + mz) and corresponding values for U;, and 
U;. The momentum before collision, in the centre of mass 
system, is m,U, + m,U, = 0. Similarly, the momentum in the 
centre of mass system is zero after collision: momentum is con- 
served in this system. 

Returning to the laboratory system, we have 


2 2 "2 "2 
m Vi + mVz = m Vy + mVe 
from conservation of energy, and 
, , 
MV, + meV, = mV, + mV, 


from conservation of momentum. The square of a vector is its 
scalar product with itself. The equations may be rewritten 


m,(V} Vv?) = ms (V," — V3) 





THE MODERATOR 145 


and 
m,(V, — Vi) = m,(V3 — V,) 


It is apparent that m, and mg, can be eliminated from these 
equations by division, but, as they stand, the first equation is 
scalar, and the second vectorial. We must, therefore, drop the 
directional character from the second equation before dividing. 
Representing the magnitude of a vector by italics, we then find 


VitVi=Vi+Ve 
or 
V, —V, = —(V; — V3) (8.1) 
This means that the speed of approach before collision is equal 
to the speed of recession after collision, a conclusion that will 


also hold in the centre of mass system. We have, therefore, in 
the centre of mass system, 


Uy a Us, = —(U; >= U3) (8.2) 
as well as 


m,U, + m,U, = m,U; + m,U; = 0 (8.3) 


from the definition of the centre of mass system. In the second 
equation m, and mz, are scalars, and the Us are vectors. We note 
that U, and U, must be colinear, and similarly U; and Uj, though 
not necessarily also colinear with U, and U,. The two particles 
move in opposite directions in the centre of mass system, but the 
direction may be changed by the collision. The effect of the col- 
lision depends on how the particles collide in classical mechanics, 
and on probability laws in wave-mechanics. We now drop directions 
from 8.3, obtaining 


mU, + mU, = mU, + mU, = 0 (8.4) 
Iither of these expressions may be added to or subtracted from 
mU, — mU, = —mU, + mV, 


(which is 8.2 multiplied throughout by m,) without changing it. 
Doing this appropriately, we find 


— (my + Mg)Uyg = (m, + my)Uy 





eK 
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whence U, = —U;, It follows at once that U, = —U,. 

We have now proved that an elastic collision is represented in 
the centre of mass system by the speeds of the colliding particles 
being unchanged by the collision, but the common direction of 
motion of the two particles being in general different, before and 
after the collision, the change of direction depending on what 
happens during the collision. This is shown diagrammatically in 
Fig. 8.1. 

It follows immediately from the definition of the Vs, Us and W, 
that these vectors are all coplanar. Consider now a neutron of 
unit mass, moving initially to the right with speed %, colliding 
with an atom of mass 4, initially at rest, where A is the atomic 
weight. It should be mentioned, incidentally, that the theory of 





Fig. 8.2. 


moderation involves only the ratio of the masses, so that it is 
unnecessary to use the precise values of masses that are required 
when small differences of mass are converted into energy, as in 
fission calculations. The speed of the centre of mass in the labora- 
tory system is w = vo/(1 + A). The speed of the neutron in the 
centre of mass system is 4 = V9 — WY = Ao|(1 + A). The speed 
of the neutron is unchanged in this system after collision, but 
the direction of motion is altered. Let the neutron be scattered 
through an angle ¢ in the centre of mass system, and let the 
corresponding angle be @ in the laboratory system. If the new 
speed in the laboratory system is v, then the relation between 
the speeds is given by Fig. 8.2. 

It is apparent from inspection of the figure that v is a minimum 
for ¢ = 180°, the maximum loss of energy of the neutron being 
for a head-on collision, as is also to be expected on physical 
grounds. If the initial energy was Ey, and the final energy £, 
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then the minimum value of E is E, {(1 — A)/(1 + A)}® since 
Vv == V, (Ll — A)/(1 + A). If the moderator is hydrogen, A = 1 
and the neutron is brought to rest by a single head-on sallistan. 


In general, the smaller A, th i 
ea, , the greater the loss of energy in a 


Applying the cosine rule to Fig. 8.2 we have 


A \2 1 \2 
malta) eal hy esl 
ONT A oy YONG as oi + 208) 2) cos ¢ 


so that 





E _ wv _ A? + 24 cosd +1 

Ey a (A + 1)? 
The formula confirms that the greatest energy loss is for 6 = 180° 
for which E/E, = {(A — 1)/(A + 1)}. This ratio, the ener 
decrement, is often designated «. = 

We have said that scattering is isotropic in the centre of mass 

system; the probability of scattering into an element of solid 
angle is just equal to the solid angle divided by 4a. The solid 
angle between two cones of semi-vertical angle ¢ and d + 6d 
is 27 sin gop. Dividing by 4x we get 4sin ddd, and this is th 
probability of a neutron being scattered between ¢@ and ¢ + 46. 








Fig. 8.3. Energy distribution after collision. 


he probability that a neutron has energy between E and E + dE 


after scattering being defined as p(E)dE, we have 


P(LE)OE = sind | js | OE 


The absolute value of the differential coefficient must be taken 
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because the other quantities are essentially positive. The equation 
for E/E gives 


dE 2E,A sing 
ae (AFT 
so we have ; 
A+ 1 
b(E) = 
1 
~ Eyl — a) 


p(E) is, therefore, constant within the energy range aE, to Eo, 
and the distribution in energy after scattering 1s that shown 


in Fig. 8.3. 
Lethargy 
If E, is the energy of a fission neutron, and E its energy at a 


later stage of its history, then L = log, (E,/E) is a dimensionless 
quantity, related to the energy, which is useful in the theory. 





Fig. 8.4. Energy, lethargy and logarithmic energy decrement. 


Since E = E,e~”, the relationship between ¥ and E is of the form 
shown in Fig. 8.4. # is zero at fission, and increases as E decreases. 
For this reason it is known as the lethargy of the neutron. 


Logarithmic Energy Decrement 


The average logarithmic energy decrement §, or average in- 
crease of lethargy in a collision in which the initial energy is Ey 
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and the distribution in energy after collision is that given in Fig. 8.3, 
is the average value of log, (Z,/E) which is 


Ey E; 
| p(E) log, — dE 
Eo E 





[Een 


in which #(£) = 1/{E£,(1 — «)}. It can be seen at once from Fig. 
8.3 that the denominator is equal to unity, so 








1 Eq E 
= ————| __ log, dE 
eek a eas is OB 
Putting E/E) = x, we have 
1 7 1 
é= I log, — da 
1— ada x 
1 a 
= | log. x dx 
l—« 1 


rd 
= 1 + —— logga. 
l—« 


& is the same for a given moderator, whatever the initial energy 
of the neutron. The average increment of lethargy in a collision 
is the same throughout the slowing down process, successive 
collisions adding an amount characteristic of the moderator. 
This is shown by the equally spaced vertical lines in Fig. 8.4, 
and we see that the average loss of energy is greatest for the 
first collision, and decreases as the neutron is slowed down. 

If the value of « is substituted in the formula for é, and this 
is then expanded in powers of 1/A, it is found that an approxima- 
tion for A large is 


£ 2 
It happens that this is a very good approximation, the error 
being only 3-3 per cent even for A = 2. 
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If E,, is the average energy of a neutron in thermal equilibrium 
with the moderator, its lethargy is loge (E,/E sn) where E, is its 
energy at birth. If we divide its lethargy by the average increment 
of lethargy in a collision &, we obtain the number of collisions 
required to thermalize the fission neutron. In saying this we are 
extending the theory rather beyond its range of application, 
because it assumes the scattering atom to be at rest. The thermal 
motion of the atom may certainly be neglected in the early col- 
lisions when the energy of the neutron is of the order of MeV, 
but not when the neutron is nearly thermalized. This, however, 
only affects a few collisions at the end of the sequence, and the 
straightforward calculation will be assumed to be a sufficient ap- 


proximation. 
Comparison of Moderators 


A good moderator should have a large cross-section for elastic 
collision, a small cross-section for absorption, and a large value 
of &. As may be seen from Table 8.1, a large value of & merely 
calls for a light element, and the lighter the better. 





Table 8.1 
Element A 0 é Collisions to thermalize 
Hydrogen 1 0 1 - . 
Deuterium 2 0-111 0-725 5 
Helium 4 0-225 0-425 43 
Beryllium 9 0-640 0-206 86 
Carbon 12 0-716 0-158 114 
(Uranium) 238 0-983 0-008 2,172 


The mean free path between collisions is 4,, the number of 
collisions per-cm path being 1/A,. The product of the number of 
collisions per cm and the average increase of lethargy per col- 
lision, &/A,, is a measure of the ability of the moderator to slow 
neutrons, and is known as the slowing down power. In assessing 
the usefulness of a moderator, however, the wanted slowing 
down must be compared with the unwanted absorption; the ratio 


of slowing down power to macroscopic absorption cross-section 1s @ 
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measure of this, and is called the moderating ratio. Slowing down 
powers and moderating ratios can be calculated for mixtures of 
nuclides by a simple extension of the theory. Values for substances 
suitable as moderators are given in Table VI in the Appendix. 

Hydrogen has the highest slowing down power of any element, 
and in the form of water might be thought to be the moderator 
of choice, being cheap. Unfortunately neutron capture by hydrogen 
to form deuterium gives it a rather high absorption cross-section, 
so that the moderating ratio is too low for it to be used in a 
natural uranium pile. It can be used with enriched fuel, when it 
can serve at the same time as coolant. For efficient operation at 
power, however, it must be pressurized. 

Heavy water has the highest moderating ratio, and the second 
best slowing down power; it is, therefore, a particularly good 
moderator. It is theoretically possible for a homogeneous reactor 
using a natural uranium salt dissolved in heavy water to become 
critical; this cannot be achieved with a natural-uranium/graphite 
mixture. Unfortunately heavy water is expensive and in limited 
supply, but is nevertheless being used in the Savannah River 
converter reactors. 

Helium would be a good moderator if pressurized, but has not 
yet been used. Beryllium is also a good moderator, but expensive, 
difficult to fabricate, and extremely toxic. It has the merit of 
being a good conductor of heat, and it was used as the moderator 
in an experimental intermediate submarine reactor (utilizing 
partly slowed neutrons). 

The requirements for a reflector, with which to surround a 
reactor core to reduce the number of neutrons escaping, are like 
those for a moderator, and beryllium has been used for this 
purpose. 

Carbon is a very adequate moderator, and has been much 
favoured, in the form of graphite. The individual blocks must be 
arranged staggered in the pile, so that fast neutrons cannot 
stream between them for more than one block. Natural graphite 
is insufficiently pure; synthetic graphite for reactors is made by 
heat treatment of petroleum coke. Thus prepared, it is readily 
available at reasonable cost. Though not entirely satisfactory 
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structurally, it is a good conductor of heat, and the best material 
for the avoidance of thermal stress (cf. page 94). It is stable 
at high temperatures, provided there is no chemical attack, and 
is notaffected by thermal cycling, but it possesses one severe 
disadvantage. It is changed by the action of the neutron flux to a 
state of higher energy, and this energy can become released in an 
undesirable way. 
Wigner Energy Release 


Graphite shows marked cleavage; atoms in planes parallel to 
the cleavage direction are tightly bound in a structure that is 
like a multiple benzene ring, the binding between planes being 
relatively weak and the planes relatively far apart. The crystal 
structure is shown in Fig. 8.5, the unit cell being emphasized, 
and the dimensions Cy and ay indicated. A block of graphite is 
anisotropic, though the crystallites have a preferred orientation. 








Fig. 8.5. Structure of graphite. Unit cell outlined. Normal cell dimen- 
sions: Cy = 6-70 A, a) = 2:46 A. From Woods, Bupp and Fletcher, P/746, 
Peaceful Uses of Atomic Energy, 1955. 


The extent of the anisotropy, and of the porosity which is a con- 
sequence of the loose binding between cleavage planes, depends 
on the details of manufacture. Great improvements in the struc- 
tural properties of graphite are being made by improved methods 
of manufacture. As one might expect, the effect of neutron 
bombardment differs a good deal between different samples of 
graphite; there is only a loose correlation between the effect on 
the individual crystallites and the effect on the graphite in bulk, 
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The energy lost by a neutron during collision with a carbon 
atom is imparted to the carbon atom. The carbon atom is not 
only displaced from its proper position in the crystal lattice 
but is given enough energy to displace other atoms with the 
result that vacancies are left in the benzene ring structure, and 
interstitial atoms appear between the cleavage planes. This leads 
to an expansion of the crystallites in the direction perpendicular 
to the planes, and some shrinking or warping in the planes, but of 
an order of magnitude less. The overall effect in bulk is an 
increase of size known as Wigner growth, the course of which 
can be followed by X-ray diffraction. Continued irradiation leads 
to the eventual break-up of the crystal structure; after about 
10? neutrons/cm? the material resembles carbon black. 
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l‘ig. 8.6. Wigner growth and lattice spacing in graphite. From Woods, 
Bupp and Fletcher, P/746, Peaceful Uses of Atomic Energy, 1955. 


If the irradiated graphite is annealed, it can recover its proper 
structure by interstitial atoms diffusing between the cleavage 
planes and so finding vacancies to occupy. Some diffusion occurs 
with only slight heating, and the heat generated in the thermal 
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spike formed by each recoil atom during irradiation also helps 
recovery. This explains the marked temperature dependence of 
the irradiation damage in graphite, the damage being worse at 
lower temperatures. The extent of the damage is found to depend 
on temperature and total neutron dose, for pile neutrons. 

The disordering of the crystal structure changes the physical 
characteristics of the graphite, sometimes to a striking degree; 
the thermal conductivity can be reduced as much as 50 times. 
The hardness and strength are improved, however, though the 
graphite becomes brittle; the strength may be as much as doubled. 
Wigner growth may amount to a 3 per cent linear expansion 5a 
rough correlation between this growth and the increase in the 
lattice spacing Cy is shown in Fig. 8.6 for different samples of 
graphite. 











jo 





Irradiated 
graphite 




















jo= 
a 


Stored energy 
released by 
annealing at 
1,000° C 


- 





200 








3S 
fo) 


After anneal 
at |,000°C 


0 1000 2000 3000 
Megawatt days/ton ——> 
Fig. 8.7. Stored energy in irradiated graphite. From Woods, Bupp and 
Fletcher, P/746, Peaceful Uses of Atomic Energy, 1955. 






Total stored energy in cal/g —> 








Substances crystallize in the way they do because the chosen 
structure is a state of minimum energy: the disordered structure 
therefore corresponds to a state of higher energy. In the case 
of graphite this energy can be measured as extra heat of com- 
bustion, and may amount to 500 cal/g. Fig. 8.7 shows how the 
energy stored, and the energy released by annealing at 1,000°C, 
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depend on the irradiation. Fig. 8.8 shows how the energy remaining 
after annealing depends on the annealing temperature. 

Enough energy can be stored in graphite to raise its temperature 
through 500°C when released, and under certain circumstances 
graphite that has started annealing can release energy so fast as 
to bring about a large rise in temperature. This may be dangerous, 
and was responsible for the disastrous fire which wrecked one of 
the converter piles at Windscale. The danger had been recognized, 
but the instrumentation provided for the normal working of the 
pile did not give an early indication of trouble when the pile was 
being heated to anneal the graphite moderator, and, once the 
fire has assumed serious proportions, it was very difficult to 
control, since the pile was air-cooled. 
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Vig. 8.8. Irradiated graphite after annealing. From Woods, Bupp and 
Fletcher, P/746, Peaceful Uses of Atomic Energy, 1955. 


Because of working temperatures in the hottest parts of the 
pile during normal operation being sufficient to release a great 
deal of the energy stored in the graphite, the energy remaining 
to be released in a controlled annealing operation is not great; 
the danger comes from the parts of the pile that are cool during 
normal operation and, therefore, still contain a lot of energy that 
has to be released in the annealing operation. It is here that there: 
should be plenty of thermocouples, where they are unnecessary: 
for normal working, but this was unfortunately not realized until 
after the accident. It is now recognized that for long continued 
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operation of a reactor with a graphite moderator it is necessary 
to carry out a controlled release of Wigner energy at intervals. 
The release is potentially the more dangerous the lower the working 
temperature of the reactor, and must be carried out according 
to a carefully thought out schedule. 

An alternative procedure proposed depends on the fact that 
the major part of the Wigner energy is stored in those parts of the 
graphite nearest the fuel rods. If, then, the fuel rods are sur- 
rounded by graphite tubes, and these are removed from the reactor 
with the rods when fuel reprocessing is due, the dangerous graphite 
can be annealed outside the reactor or replaced by fresh graphite. 


Transport Mean Free Path 


The amount of moderator needed round each fuel element in a 
heterogeneous reactor depends on the distance travelled by a 
neutron while being slowed down. We have already calculated 
the number of collisions involved, and the mean free path between 
them is the inverse of the macroscopic scattering cross-section, 
put this only tells us the distance travelled measured along the 
zig-zag path, and we require the direct distance between start 
and finish. We obtained a formula for this on page 103, but must 
now generalize it in terms of the transport mean free path. 

In calculating the root mean square distance travelled by a 
particle executing random motion, we assumed random collisions 
terminating the free paths, and isotropic scattering in the laboratory 
system of reference at collisions, whereas we now know it to be 
isotropic in the centre of mass system for the case we are in- 
terested in. This means that, instead of all evidence of the direction 
of motion before collision being lost in each collision, there is a 
tendency for the initial motion to persist in the subsequent 
motion: there is a preponderance of forward scattering. The mean 
free path that is effective in making a particle wander away from 
its starting point is longer than A, We shall assume that its value 
may be calculated by allowing for the contribution to continued 
motion in the direction of the free path that was terminated by 
the collision from free paths following the collision. The value for 
the transport mean free path obtained in this way is the same as 
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that obtained from a formal mathematical proof along the lines of 
the one we used in Chapter 6 for isotropic scattering.* 

We simplify the argument by treating all free paths as equal 
to the mean free path /,. Consider a particle starting at O in 
Fig. 8.9 and travelling along the X axis. It collides after a distance 
As» and sets off at an inclination 6 to its former direction, again 
colliding after a distance A,. The contribution from the canoud free 
path, to motion in the direction of the first, is 2, cos #, and the 
average contribution from all such particles is 2, cos 0. The second 
collision occurs at a distance A, from the vertex of a cone of 
semi-vertical angle 0, on the surface of the cone, the axis of the 
cone being the direction of motion before the first collision, and 








Fig. 8.9. 


the vertex at the collision. A similar construction gives the third 
collision. The contribution from the third free path to the transport 
mean free path is got by first projecting on to the axis of the 
second cone, and then projecting on to the axis of the first. It is 


Wlerelore A, (cos 0)2. The contribution from the fourth free path 
is A, (cos 6), and so on. We therefore find 








Jip = A,{1 + cos 6 + (cos 0)? + (cos 6)? + ...} 
A 


1 — cos 0 





* Littler, D. J. and Raffle, J. F. An Introducti 
tler, ‘ yh eo ction to React ] 
Appendix I, 1957, London; Pergamon, pres mat 
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cos 9 must be calculated from the fact that scattering is isotropic 
in the centre of mass system, that is, referring to Fig. 8.2, all 
directions in space are equally probable for v= Av)/ (1+ A). 
As we have noted previously, this means that the probability 
of the scattering angle in the centre of mass system lying between 
¢ and ¢ + o¢ is $sin 66¢. Again referring to Fig. 8.2, we see that 


Ady 
1+A 





sin } 





tan 6 = 
Vo 


U9 
cos fd + 1+ 


LA 
7 A sing 
~ Acos¢+1 








Now 
sec? 96 = 1 + tan? 6 


A’ sin? } 
(A cos ¢ + 1)? 

A?+1+ 2A cosd 
_ (A cos ¢ + 1)? 





=1+ 





whence 


Acos¢+ 1 
(42 + 1 + 24 cos $)* 





cos 6 = 


We therefore have 





aI 
cos = 5 





m Acos¢+ 1 
L (A2 + 1-+ 2A cos ¢ 


+1 Aaw+1 
= dz. 
an (A? + 2Aa + 1)8 


The integration is straightforward, and gives cos @ = 2/(3A), 
whence A, = 4,/[1 — 2/(34)]. 

This is the correct value of 4, to use in the formula for the 
diffusion coefficient derived on page 104, D = 4vd,,. We have to 
be careful, however, about using it in the formula for the root mean 


square distance travelled derived on page 103, R? = 2nd’. It is 


rr sin ¢dé 
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incorrect to substitute 17 for 72. This is because one / in the 
formula has to do with the rate of progress per collision, and the 
other with movement along the zig-zag path; if we differentiate 
the formula with respect to time, one / has to do with the track 
velocity. Explicitly, if 2 is the number of collisions in time t, we 
have n = vt/A, whence R? = 2vdr = 6Dz, since D = 4v. In gen- 
eralizing, we must use A, for Ain » = v7/A, and A,, for Ain D = 4va. 
The generalization of R? = 2n/? will therefore be R2 = 2nd, Airs 
in order to retain R? = 6Dr. 

We can now define the slowing down length L,, in terms of 
the root mean square distance travelled between the birth of a 
fission neutron and its thermalization. We let L? = 1R? = dy Ady 
= Dt.It is convenient to have no factor 6 present when L, is 
associated with D. ny, is now the number of collisions to thermalize, 
which we calculated. 


Slowing Down Formulae 


The conclusions reached in the elementary theory of the moder- 
ator presented in this chapter will now be summarized. 

The energy of a neutron after collision with a moderator atom 
of atomic weight A is 
A?+ 2A cos¢+1 

(A + 1)? 

where Ey is the energy before collision, and ¢ the angle through 
which the neutron is scattered in the centre of mass system (0 
being the angle through which it is scattered in the laboratory 
system). The minimum value of E is 
A— a 
A+1 
The probability of the neutron being in a range of energy 6£, 
within the range aE, to Ey which includes all the neutrons, is 
independent of the energy after collision and equal to 
dE /{E)(1 — «)}, as shown in Fig. 8.3. 

The lethargy is defined as Y = log, (E,/E) where E, is the 
energy of a fission neutron, The average increase of lethargy 


0 


aby = i, ( 
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in a collision, which is also the average of the logarithm of the 
energy decrement in the collision, is 


a 


E=1+ 





log « 


l—«a 
2 
The number of collisions required to thermalize is 1, = L4,/, 
in which #,, is the lethargy of thermal neutrons. #y, is usually 
taken to be 18-2. This comes from putting E,= 2 MeV, and 
Ey, = 0:0253 eV corresponding to 20°C. 
Slowing down power is defined as &/A,, and moderating ratio 
as &/(A,4q), where yu, is the macroscopic collision cross-section for 
absorption. A, is the mean free path for scattering. 


The transport mean free path is 
4, 
Aer Se 
1 — cos 0 


and cos 6 = 2/(3A). 
The slowing down length JL, is related to the root mean square 
distance travelled during slowing down by the equation 


2 Ipe 4 
L; = gk? = Ende 





CHAPTER 9 


The Homogeneous Moderated Reactor 


In Chapter 7 we derived the criticality condition for a fast 
reactor from the diffusion equation. This equation states that the 
number of neutrons diffusing out of a given volume is equal to 
the number created within it, less the number absorbed. Being 
differential in form, the equation implies that this is true however 
small the volume, so we found it necessary to apply a correction 
because the diffusion process is not a correct description of the 
transport of neutrons out of a volume of dimensions comparable 
with the mean free path which, for the case considered, could 
not be assumed to be negligible compared with the size of the 
critical mass. Apart from this, however, the validity of the equation 
was self-evident, because all neutrons were fast neutrons, and 
could, as a first approximation, be treated as equally fast. The 
number absorbed in an element of volume, the number created 
in the element of volume, and the number diffusing out of the 
element of volume, were all proportional to the number of neutrons 
in that element of volume alone. It is otherwise when neutrons are 
created fast, but only produce fissions when slow. Instead of one 
group of neutrons, we must think in terms of (at least) two groups. 
A neutron is not a candidate for absorption giving rise to fission 
in the element of volume within which it is born; it must travel a 
distance equal, on the average, to the slowing down length, before 
it can give rise to more neutrons. It will then be in another element 
of volume where the neutron concentration may be different 
from the concentration where it started. It may also escape from 
the reactor during the slowing down, as well as during the time 
it is diffusing about as a thermalized neutron before absorption. 
The chance of escape while diffusing about is, of course, what is 
allowed for when solving the diffusion equation; the chance of 
escape during slowing down requires additional consideration. 
We must remember, furthermore, that the purpose of the mode- 
rator is to circumvent loss of neutrons during the slowing down 
process, by absorption in uranium-238 at speeds at which the 
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capture cross-section has peaks due to nuclear resonance. This 
will not be wholly successful; some of the neutrons will never 
reach thermal energies. We see, therefore, that in order to apply 
diffusion theory to the homogeneous moderated reactor in which 
fission is caused by thermalized neutrons we must extend the theory 
to allow for three complications: 


(i) Neutrons may escape from the core during the slowing 
down process. 

(ii) The distribution in space of the creation of fast neutrons 
is different from the distribution in space of the appearance of 
thermal neutrons, the former distribution being smeared out to 
give the latter. 

(iii) Neutrons may be captured by uranium-238 during the 
slowing down process. 


Diffusion Length 


The additional chance of escape during the slowing down process 
must be added to the chance of escape during the time when the 
neutron is diffusing about with thermal energy, that is, between 
being thermalized and being absorbed. The further it diffuses 
when thermal, the more likely it is to escape. The distance it goes 
before absorption can be calculated from the diffusion equation, 
by assuming a steady rate of creation of thermal neutrons at the 
origin, and inquiring how many survive at different distances 
from the origin when they are diffusing into an absorbing medium. 
We require the diffusion equation for spherical symmetry, and 
we found (page 108) this to be 

(< 2 dn 
dr ' rdr 
The concentration of neutrons ” is a function of the radius 7 
only, they have speed v, and D and yp are the diffusion coefficient 


and macroscopic cross-section for absorption, respectively. We 
again make the substitutions rn(r) = u(r), and x? = vu/D, 


giving 


) — sun =0 


— = K%% 


dr? 
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which has the solution 
u = aekr + Be-*r 


in which « and £ are arbitrary constants. These constants are 
different from formerly because the boundary conditions are now 
different. m, and therefore u, must tend to zero at infinity, so 
a = 0. This leaves us with u = Be-*", and n = (8/r)e-*". Neutrons 
which travel a distance between 7 and 7+ 67 from start to 
finish are those that are absorbed in the spherical shell of surface 
area 4x7? and thickness 67, which has a volume of 47267. The 
rate of absorption in this volume is 4anvur?6r = 4xBoure-*"6r. 
The mean square distance at which absorption occurs is therefore 


4 © OB a—Kr 
ne poe {° et dr 


4apuu I i re-**dr 


foe} 
\ 7 re*' dr 


co 
I ve—*" dy 


Defining the diffusion length L by analogy with the slowing 
down length L,, by putting L? = 472, we have 


Cites ie ek dy 

6 ie re-*"dr 
[oo eae 

~ 6x2 J, yerdy 





if y = —«yr. 
Integration by parts gives 


i yerdy = 1 
and 


hee yrevdy = 6, 
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since D = dvd, and A, = Lu. 


Migration Length 


The complete life span of a neutron consists of two parts. The 
first part lasts from birth in fission to the stage at which it has 
acquired the lethargy of a thermal neutron. If it makes n,, 
collisions during this part of its life, we found on page 159 that the 
slowing down length L, is given by 


LE = nny 


in which 4, is the inverse of the macroscopic scattering cross- 
section, and /,, the transport mean free path. The second part of 
the life span lasts until the neutron is absorbed, either by capture 
or by provoking fission; during this part of its life it diffuses about 
as a thermal neutron. We found in the last section that the dif- 
fusion length L is given by 


L?= aA qA ty 
The number of collisions the neutron makes when thermal is 
A.A; = NM, say, and hence 
L? = gNgh Ary 
Now it happens that the mean free paths are not very different 
in the two parts of the neutron’s life. Considering the whole of its 
life span we, therefore, have 
= 
ak = $ (My + Ne) Ay 
If we define the migration length M7 by analogy with L and L,, 
making M7? = 7R?, we see at once that 
Mt = [' +. 18 


Values of M, L, and L are given in Table VII of the Appendix, 
To explain the importance of migration length in reactor 
theory, we shall first go back to the one-group diffusion theory 
of the fast reactor, in which the diffusion length refers to the 
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diffusion of fast neutrons instead of slow, and the slowing down 
length is zero, so that M = L. We shall inquire how L is related 
to the rate at which neutrons escape from the reactor. It is at 
once apparent that neutrons which are born within a distance L 
from the surface are quite likely to escape, whereas neutrons born 
further from the surface are unlikely to escape. Let us, therefore, 
define a distance L’, not very different from L, such that all the 
neutrons born within the distance L’ from the surface may be 
assumed to escape, whereas all that are born nearer the centre 
remain within the reactor; L’ is chosen to make the number of 
neutrons escaping correct. The shell from which the escaping 
neutrons actually originate will not have a sharp cut-off at L’, 
but will fade out around this value. We found the concentration 
of neutrons (page 124) to be represented by 

Bb. oy 

n = — sin — 

Y R 
for a critical spherical reactor, where f# is an arbitrary constant, 
and R the critical radius.* Going inwards from the surface, the 
concentration rises almost linearly from zero until well inside the 
reactor (as can be seen from Fig. 9.4). The average neutron con- 
centration in the shell of thickness L’ may therefore be taken as 
L dn 


i 
2 dr 





r=R 
The total number of neutrons in the shell is approximately 
dn 


—22R2L'2 — 
dr 





T=R 


The rate at which neutrons are born in fission in the shell is 


_ eq Rare 2 an 
1, dy 


The rate at which they escape from the surface is 





7=R 


“ For the present rather crude argument, which depends on diffusion 
theory, we ignore the extrapolation correction, 
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d 
—4nR®D — 
dr |r=R 
Equating these two expressions, we find 
Ee 
5 
Na 
= RvA,, 
whence 
L” = 2A a Aer 
37 
_ 2L? 
] 


Our conclusion is that the number of neutrons escaping is equal 
to the number born in an outer shell of thickness L(2/n)#, and 
this is not very different from L. 

The net rate at which neutrons are produced in a spherical 
reactor (not necessarily critical) is proportional to the cube of 
the radius; the rate at which they escape is proportional to the 
square of the radius times L. These are equal when the radius is 
equal to the critical radius R. We therefore anticipate that R 
will be proportional to Z, and this is confirmed from the value we 
found on page 124 which was 


tee: ( TD ap \ _ al 
34(9—1)) (gy — 18 

This examination of the way in which the diffusion length 
determines the radius of a fast reactor points the way to deal 
with a slow reactor. The macroscopic cross-section for scattering 
in the moderator is nearly independent of the neutron energy; 
there is, therefore, no essential difference between the part of the 
neutron’s zig-zag path in which it is being slowed down, and the 
part in which it is diffusing as a thermal neutron, as far as escape 
is concerned. What matters is how far the neutron travels between 
birth, and escape or absorption. To extend the one-group diffusion 
theory, used for the fast reactor, to the homogeneous moderated 
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reactor, we conclude that the additional chance of escape during 
the slowing down process may be allowed for, quite simply, by 
substituting the migration length M for the diffusion length L. 
Since we found R to be proportional to L, this will involve a 
first-order change in the critical size. 

The idea of an outer shell from which neutrons escape, instead 
of being absorbed and giving rise to fission neutrons, shows that 
we must substitute M for L because the distribution in space of 
the creation of fast neutrons is different from the distribution 
in space of the appearance of thermal neutrons, and this dif- 
ference is important in the outer shell from which neutrons escape. 
Its significance inside this shell is that the absorption of one 
generation of neutrons giving birth to the next will not occur 
quite where it would have done if the slowing down process had 
not been involved. This will only be important if there is a con- 
siderable change in the neutron concentration in a distance L,. 
The correction called for on this account will, therefore, be of 
secondary importance if the reactor is large compared with L,, 
and with this excuse we shall neglect it. 


The General Diffusion Equation 


In dealing with the fast reactor we used the diffusion equation 
in the form appropriate to spherical symmetry. Let us recall the 
derivation of the diffusion term in the equation. We have the 
concentration m as a function of 7 only, and we apply Fick’s law of 
diffusion which states that the rate at which particles diffuse 
along a concentration gradient is equal to the diffusion coefficient 
times the area perpendicular to the concentration gradient times 
the concentration gradient. For spherical symmetry the diffusion 
is along the radius, inwards if the concentration increases outwards 
from the centre. Considering a spherical shell between 7 and 
y + 6r, the rate of diffusion of particles into the shell across the 
inner boundary is —42Dr*(dn/dr). The rate of diffusion into the 
shell across the outer boundary is 

4xD (r dee + 4 (»: =| w| 
dy dr dy 
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The total rate of diffusion into the shell is 
d dn 
4nD — |r? —] 6 
a ( = : 
The rate of increase of due to diffusion being dv/d¢ times the 


volume, the rate of increase in the shell is 4zr?(du/dt)6r. Equating 
the two values gives 


a) 


di r2dr . dy 
aig (ne) 
dr? y dr 


for spherical symmetry. It should be pointed out that a more 
general expression for spherical coordinates 7, 6, ¢, without as- 
suming spherical symmetry, would involve terms in the differential 
coefficients of 6 and ¢, as well as of 7. 








Fig. 9.1. 


Suppose, now, we have cylindrical coordinates 7, 6, z, and also 
cylindrical symmetry, so that terms in 6 are absent. The con- 
centration gradient will not, in general, be along either 7 or 2; 
it will be a vector in their plane. In vector notation it is known as 
grad n. Its inclination to v and z is shown in Fig. 9.1 by reference 
to the right-angled triangle of sides grad n, On/dr and On/dz. 
The angle between grad and the normal to the element of area 
7v6r60 is cos-1{(@n/dz)/grad n}. The projection of the element of 
area on a plane perpendicular to grad m is therefore 
7v6r60 (On/éz)/grad n. Particles cross the element of area at a rate 
Dréré0(dn/dz). By a similar argument, particles cross the element 
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of area 7606z at a rate Dv606z(0n/dr). The rate at which particles 
enter the element of volume 767606z is made up of the net entry 
across top and bottom elements of area together with the net entry 
across the curved elements of area, there being no particles 
crossing the other elements of area bounding the volume, because 
of symmetry. The net entry across top and bottom elements is 


On 
Dyr6766 Oa Oz 
Across the curved elements it is 


(2) on 
D— |r — 
a (, x) d06r6z 


The rate of increase of m due to diffusion is therefore given by 
in Dé (, aa) On 
atv Or \ Or Oz? 





7 i lan =) 
NG yor" Oat 


for cylindrical symmetry. 





Fig. 9.2. 


If we are working with rectangular Cartesian coordinates, 
grad m resolves into On/dx, dn/dy and dn/dz (Fig. 9.2), and the 
direction cosines of grad m are (dn/dx)/grad n, etc. The element 
of area dady therefore projects on to the plane perpendicular 
to grad m to give dady(dn/dz)/grad n, and the rate at which particles 
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cross it is D(@n/dz)éady. The rate at which particles would ac- 
cumulate in the volume dadydz due to diffusion amounts to a 
contribution of 
On 
AD “ bxdy + D a bundy + D—~ dxdybe 
from the faces parallel to the x, y plane, together with two similar 
contributions from the other two pairs of faces. In all, this is 
an dn Cn 
(3 = oy” au a) meus 
Putting it equal to (dn/dt)dxdydz, we find that the rate of increase 
of n due to diffusion is given by 
2 2, 2 
ep (He StS 
ot 0x2 Oy? 027 
for rectangular Cartesian coordinates. 

We have obtained three equations for the rate of change of 
concentration due to diffusion for three coordinate systems (and 
certain conditions of symmetry), but it would be more convenient 
to have a single equation not linked to any specified coordinate 
system. Such an equation is provided by the notation of vector 
analysis. It will not prove necessary in this book to use the methods 
of vector analysis, but the use of one of two alternative notations 
will save a great deal of space when writing equations. We have 
noticed that, though z is a scalar, its gradient is a vector. In 
general, the gradient of a scalar ¢ is defined as the rate of change 
of ¢ in the direction in which it isa maximum; it is written grad ¢. 
Fick’s law tells us that @n/é must be some function of D grad n, 
and we have seen what that function is for three cases. In vector 
notation the function turns out to be what is called the divergence. 
We could, therefore, write 


ae = D div grad n 
at 


but we shall prefer to use the shorter form 
on 


— = DV*n 
ot 
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V? or div grad is an operator called the Laplacian after the French 
mathematician Laplace.* V? takes the form 





02 oO o2 5 > 

os + bye + aya for rectangular Cartesian coordinates, 
aoe 2 + sa for cylindrical symmetry, and 

or? vor oz? : 

age for spherical symmetry. 

or? Y or 


The Reactor Equation 


The considerations of the foregoing section ignored the ab- 
sorption and generation of neutrons, but we can at once include 
these additional terms in an equation for dn/ét. Sources and sinks 
must be specified as a rate of production or absorption per unit 
volume, and then added to the rate of increase of m due to diffusion, 
to complete én/ét. In general, source and sink terms are functions 
of the coordinates. Because of delayed neutrons, the source term 
is also a function of time, but we ignore this complication until a 
later chapter. 

The generalized equation 


é 
a = Source — Sink + DV2n (9.1) 





has the same form as the general equation for the conduction 
of heat, because the basic law of heat conduction is equivalent 
to Fick’s law of diffusion if the specific heat and conductivity 
are constants, apart from the significance of the symbols. The 
diffusion coefficient is replaced by k/s where s is the specific heat 
per unit volume and & the conductivity. Thus the general equation 
for the conduction of heat when T is the temperature, is 
oT 


— = Source — Sink + ie V2T 
ot Ss 


Returning to the neutron equation, the rate of absorption of 


* When reading an equation aloud it is often called ‘nabla squared’, 
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neutrons is wwn, where v is the speed of the neutrons, and u the 
absorption coefficient, or macroscopic absorption cross-section. 
In Chapter 2 we defined the multiplication constant k, as the 
ratio of the number of neutrons in any generation to the number 
in the preceding generation, when there is no escape of neutrons. 
To allow for the possibility of parasitic capture, either during 
slowing down or while the neutron is thermal, we must count the 
neutrons at the same moment in the life history of both generations. 
If we count the neutrons at the end of their life, k,, is the ratio 
of the number of neutrons born in any generation and surviving 
until absorption in the fissile fuel to the number absorbed in 
fissile fuel in the preceding generation. This ratio would be 7 
in the absence of parasitic absorption. In general, however, the 
source term in the diffusion equation is k,, times the sink term, 
and the sink term is wv, so equation (9.1) becomes 

on 

eae 
Introducing the flux ¢ = mv, and substituting }v/,, for D, we 
obtain 


(Roo — 1)uvn + DV?n (9.2) 


2 
-- = (Ry — Lud + Hy V24 (9.3) 


We are entitled to treat v as a constant because the reckoning 
of neutrons is all done at thermal energies, ¢ being the thermal 
flux. What happens during slowing down is relevant only to the 
numerical value of ,,, and this we shall consider later. By in- 
corporating parasitic absorption in k,,, we avoid any need for 
explicit consideration of both fast and slow groups of neutrons, 
so obtaining a one-group equation for a moderated reactor, but 
it is presupposed that we substitute M for L in the solution, 
to allow for the escape of neutrons during slowing down. Capture 
in uranium-238 must be included in the evaluation of A... 
Remembering that L? = /,,/3u, but also that we must replace 
L? by M2, equation (9.3) becomes the time-dependent reactor 
equation 
1 06 - hg} 
poM? dt = M® 





o+ V*¢ (9.4) 
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If the reactor is in the steady state, 0¢/0t = 0, and so 
ky —1 
M2 
gives the condition for criticality. Equation (9.5) is the basic critical 
reactor equation giving the flux distribution in terms of the excess 
multiplication available from the fuel/moderator arrangement 
used, and the migration length. The equation depends on one- 
group theory, and certain other approximations have been used in 
deriving it. With these reservations, it may be applied to both 
homogeneous and heterogeneous moderated reactors, and it 
reduces to the form we have already used for a fast reactor. How 
close an approximation it is varies greatly from one reactor design 
to another. Rather curiously, the steady-state reactor equation 
has the same form as Schrédinger’s equation in wave-mechanics, 
but this is fortuitous, and, when time is involved, the equations 

become different. 
The criticality equation (9.5) is usually written 

V*¢ + B’d = 0 (9.6) 
in which B? = (k,, — 1)/M*. B? is called the ‘buckling’, because 
B? = —V°d/¢ is a kind of curvature of ¢ in space. B* has the 
dimensions of (length)-*. Buckling defined as (hk, — 1)/M? 
depends only on the materials built into the reactor, and not on 
its size and shape; it is, therefore, called the ‘materials buckling’. 
When the criticality equation is solved for specified boundary 
conditions it is found that the geometry of the reactor calls for a 
particular value of B? for the steady-state solution to be possible 
or, alternatively, the given value of materials buckling calls for a 
particular geometry. The value of B* required by the geometry 
of the reactor, which must equal the materials buckling for 
criticality, is called the ‘geometrical buckling’. Mathematically, 
the equation permits an infinite set of solutions, but only the first 
of these makes ¢ positive everywhere inside the reactor, as it 
must be on physical grounds. For the spherical fast reactor, we 
found the materials buckling was 3u(y — 1)/a, = (y — 1)/L?, 
and the geometrical buckling 2*/R*, giving R = (aL)/(y — 1)* 
for the critical radius. 


V26 + 





¢=0 (9.5) 
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The Rectangular Reactor 


For a rectangular reactor, the criticality equation (9.6) takes the 
form 
od Ah ad 


aa t at pat Be= 9 





By differentiation it is easily verified that 


mex ay a4 
¢ = a cos cos cos 
a b 





Cc 


a2 b2 c2 ‘ 


a is an arbitrary constant. The solution makes ¢ zero at «= +4a, 
y=+hb0andz=+ kc, positive within these ranges, and with a 
maximum at the origin. On physical grounds, therefore, it must 
be the solution we want; this can also be proved mathematically. 
The solution fits a rectangular reactor of sides a, b and c, though 
each of these theoretical dimensions will in fact be reduced by 
2 x 0-714, if we apply the extrapolation correction (page 128). 
The (uncorrected) volume of the reactor is a minimum when 
a =b =c, and is then equal to 3°" 73/B3 ~ 161/B. 


Reactors of Different Shape 


A variety of considerations govern the choice of shape for a 
reactor core which will, as a rule, be rectangular, spherical or 
cylindrical. The chance of a neutron escaping from the core is 
clearly a minimum if this is spherical; the volume of the core, 
and the amount of fuel required, will also be minimum. Never- 
theless, difficulties such as loading the fuel into a spherical reactor 
have generally influenced the final choice. It is, therefore, important 
to know how different shapes compare from the standpoint of 
critical core volume. The comparison requires solutions of the 
criticality equation for different geometries; we have just con- 
sidered the rectangular core, and we previously saw how to deal 
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with a spherical core. The solution for a cylindrical core involves 
Bessel functions. These functions have been tabulated.* The results 
of the comparison of different shapes is given in Table 9.1. The 





Fig. 9.3. Comparative sizes of reactor cores of optimum proportions, but 
different shapes. 


Bessel function J(x) may, for present purposes, be taken as 
being given by the series 


x xv x3 


Jo(2V/z) = 1 int op gi 





Fig. 9.3 shows, to scale, the relative sizes of critical masses of dif- 
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Fig. 9.4. Flux distributions in critical reactors. 


* Jahnke, E, and Emde, F. Tables of Functions, with Formulae and 
Curves, 1945. New York; Dover Publications. 
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ferent shape but optimum proportions. The functions which 
determine the flux distribution for a sphere, cylinder and cube, 
are plotted in Fig. 9.4. It is seen that the cosine function may be 
used as a reasonably good approximation for all three cases. 


Table 9.1 


Reactor cores of different shape. 


i dys yaE SE 








Cylinder Rectangular 
Sphere ; : 
dius R radius R parallelopiped 
cia height H sides a, b, c 
5 aon 1. ow me 2-4057 mae my M24 
Flux distribution —sin— cos— Jy cos — cos — cos — 
Y R iT \ a b Cc 
Eroporiene: ave H =1-847R a=b=c 
minimum critical volume 
ee a 130 148 161 
Minimum critical volume =— —— _— 
Bs Bs Bs 
Extrapolation correction Subtract Subtract Subtract 
to be applied to above 0-71A, 0-71 A, 2x O-7LAy 
values from FR from R and from a, b and ¢ 
2X O71 Ay 
from H 





The Homogeneous Moderated Reactor 


The dimensions for a homogeneous moderated reactor core are 
given by Table 9.1 if we know the materials buckling, though 
they must be increased in practice in order to build in excess 
reactivity to allow a margin for control, etc. The materials buckling 
will depend on the ratio of fuel to moderator. 

Reference to the slowing down formulae, the diffusion length 
and the migration length enables us to use the following sequence 
of formulae to calculate the materials buckling from experimentally 
determined values of physical constants: 


2 
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2 
Le = 3M nAshey 





LT? — $A Ap 

M? = [2+ 1? 

pete 
M2 


though we have still to discuss 2,. 

k,,, the multiplication constant, is the ratio of the number of 
neutrons born in any generation and surviving until absorption 
as thermal neutrons in the fissile fuel, to the number of thermal 
neutrons absorbed in fissile fuel in the preceding generation, 
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Fig. 9.5. Radiative capture cross-section for *8U. Note logarithmic scales. 


when no neutrons are lost by escape. It is therefore 7 times the 
chance of a neutron surviving from birth until absorption as a 
thermal neutron in a fuel nucleus. If the fuel is an isotopic mixture 
of uranium-235 and uranium-238, the value of 7 appropriate to 
the mixture must be taken. For natural uranium and thermal 
neutrons it is 1:32, The chance of a neutron surviving from birth 
until absorption as a thermal neutron in a fuel nucleus is the 
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product of two probabilities. The first is the probability of it 
being slowed to thermal energies without being captured, and 
to do this it must pass through the region of energy in which 
there are peaks in the capture cross-section of uranium-238 due 
to nuclear resonance. This is therefore called the resonance escape 
probability ». The second is the probability that the neutron 
will be absorbed in fuel, rather than in the moderator or some 
structural material, and is called the thermal utilization factor /. 
Fast fission, incidentally, may be neglected in the type of reactor 
we are considering. We therefore have k,, = npf. If we can ignore 
absorption in structural materials, f depends on the absorption 
coefficients for fuel and moderator, , and pg, respectively, and is 
given by f = “,/(u, + Mz). The absorption coefficients must be 
taken for thermal neutrons and the appropriate concentrations 
of fuel and moderator; f will be less for greater dilutions of fuel 
by moderator. 

The calculation of is a much more complicated matter, as is 
evident from Fig. 9.5 which shows the resonances in uranium-238. 
The probability of absorption as a neutron slows down past a 
peak will depend on how long the neutron remains within the 
energy range corresponding to the breadth of the peak, and this 
involves the distribution in energy of the neutron population that 
is undergoing slowing down. This must be calculated, and then 
applied to the computation of the resonance escape probability. 

The moderated homogeneous reactor is particularly suited to 
having the fuel in solution, using the solvent as moderator. Further- 
more, by using enriched fuel the volume of solution can be kept 
conveniently small. By way of quantitative illustration, Fig. 9.6 
gives calculated values of materials buckling for different mixtures 
of pure uranium-235 and several moderators. B? is plotted against 
the ratio of atoms or molecules of moderator per cm® to atoms 
of uranium per cm; it is seen to decrease as the proportion of 
moderator increases. It should be noted that the curves are 
discontinued to the left with the moderator still greatly in excess, 
because for sufficiently little moderator the chain-reaction would 
build up on fast fission, whereas the curves are intended to refer 
to a slow fission reaction. It is easy to see that the decrease in 
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B? results from the combined effect of an increase in L?, and a 
decrease in /f. 

Fig. 9.7 shows the result of using the curves of Fig. 9.6 to cal- 
culate the mass of uranium-235 required for criticality, asa function 
of the ratio of moderator to fuel. These curves have a minimum, 
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Fig. 9.6. Buckling of moderated homogeneous thermal reactors with 
pure uranium-235 fuel. Data from S. Glasstone, Principles of Nuclear Reactor 
Engineering. London; Macmillan: New York; Van Nostrand. 


and this is characteristic of all systems in which the ratio of 
moderator to fuel can be varied through wide limits. It comes 
about as follows. For a composition relatively rich in fuel, w, is 
much greater than js, so f = y/(u, + fy) is close to unity and 
not much dependent on composition. Though 7elatively rich in 
fuel, the ratio of moderator to fuel is still quite high, so the 
resonance escape probability # is close to unity. This makes 
hg = npf nearly constant over a considerable range of composition. 
L* increases with increasing dilution, but L? does not, so M? 
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increases, but not very quickly. B? = (k,,— 1)/M*therefore decreases 
rather slowly with increasing dilution in this region. The size 
of the critical reactor therefore increases slowly with increasing 
dilution, whence it follows that the amount of fissile fuel required 
for criticality decreases. For relatively dilute mixtures, however, 
f decreases rapidly with increasing dilution, so that k,, — 1 tends 
to zero, the critical volume tends to infinity, and we are in a 
region in which the amount of fuel required for criticality increases 
with dilution. In between the two regions there must bea minimum, 
as exhibited in Fig. 9.7. 
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Fig. 9.7. Critical mass of bare spherical homogeneous moderated thermal 
reactors with pure uranium-235 fuel. Data from S. Glasstone, Principles of 
Nuclear Reactor Engineering. London; Macmillan: New York; Van Nostrand, 


Effect of a Reflector 


If a reactor core is surrounded by material of high scattering 
cross-section but low absorption coefficient, a considerable pro- 
portion of neutrons leaving the core can be returned to it. The 
phenomenon is one of diffuse scattering, though commonly called 
reflection. Since the effect of the reflector is to decrease the 
probability of escape, the core becomes critical with less fissile fuel 
than when the reactor is bare. Some of the neutrons that leave 
the core will do so before they have been thermalized; it is clearly 
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advantageous if they are returned as slowed down neutrons, 
therefore the reflector material should havea large é and, broadly 
speaking, it should be a good moderator. In the case of a graphite 
moderated pile, the reflector is customarily just an extension of 
the graphite bricks beyond the region of the fuel elements. 
We saw (page 111) that the effect of a fuel element in the 
moderator is to depress the flux in the region of the fuel element, 
because it acts as a sink for neutrons. In a similar way, the loaded 
core slightly depresses the thermal neutron flux in the extended 
block of moderator with reflector. The effect is that the thermal 
flux is higher just inside the reflector than at the surface of the 
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Fig. 9.8. Flux distribution in MTR reactor with beryllium reflector. 


From Weinberg ez al., P/490, Peaceful Uses of Atomic Energy, 1956. 
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core. In a slow reactor the core is not a sink for fast neutrons, 
so the fast neutron flux continues to fall off through the reflector. 
Experimental results showing the difference for the water-moderated 
enriched-uranium MTR reactor at Arco, Idaho, fitted with a 
beryllium reflector, are shown in Fig. 9.8. Epithermal neutrons 
are those neutrons with energies just above the thermal range. 
It is self-evident that one-group theory, which treats the diffusion 
of neutrons as if they all had the same energy, cannot predict the 
flux distribution in a reflector. The experimental results in Fig. 9.8 
are therefore compared with two-group theory, in which neutrons 
may be either fast or slow, and three-group theory, in which 
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intermediate energies are also considered; we shall not go into 
these theories. Quite apart from the extrapolation correction, 
the flux does not fall to zero at the core boundary in a reflected 
reactor, but at some distance within the reflector. In a power 
reactor in which the specific power is limited by the maximum 
allowable generation of heat, which is normally at the centre of 
the core, the total permissible output is increased by the reflector 
because the flux and therefore the generation of heat falls off 
less slowly from centre to surface. 

There is obviously little to be gained by increasing the thickness 
of the reflector much beyond the diffusion length in the material 
of which it is made. For a large reactor it can be shown that the 
critical radius is reduced by approximately D,L,/D, for a thick 
reflector, D, and D, being the diffusion coefficients in the core 
and reflector, and L, the diffusion length in the reflector. 


The Homogeneous Reactor Experiment 


A homogeneous reactor in which the fuel is in solution has 
inherent safety which makes it very attractive for power genera- 
tion. A rise in heat production in the core vessel leads to the 
solution expanding because of the rise in temperature, and some 
being displaced from the core vessel into the circulating system, 
so reducing the reactivity and limiting the heat production. The 
first reactor of this kind was operated at Oak Ridge, Tennessee, 
and produced electrical power in February 1953. More recently, 
an improved reactor has operated at 5 MW. It is a strange con- 
sequence of the laws of nature that the mere circulation of a 
liquid through a pipe with a bulge in it should generate 5 MW 
of heat in the bulge, just because it is a bulge, yet this is the way 
in which the reactor works. It follows that the storage and handling 
of solutions of fissile fuel must be arranged in such a way as to 
prevent the possibility of criticality occurring in the containers. 
These must be of a shape very unfavourable to neutron multi- 
plication, and not too large. The need for this precaution is 
obvious when designing the circulating system of a homogeneous 
reactor which includes a critical core vessel, but it must not be 
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forgotten when designing chemical processing plant, storage tanks 
and transportation vehicles.* 

The first homogeneous reactor experiment (H.R.E.) was 
dismantled when the improved design was put in hand, but the 
first reactor will be described. The layout** is shown in Fig. 9.9. 
A hundred gallons per minute of highly enriched uranyl sulphate 
in distilled water was circulated through the reactor core which 
was a stainless steel sphere of diameter 18 in. At full power, 
which, for the first reactor, was 1 MW, the solution entered the 
core at 210°C, and left at 250°C. In addition to the formation 
of appreciable quantities of fission product gases, the intense 
radiation in the core decomposed the water to a considerable 
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lig. 9.9. Homogeneous reactor experiment (schematic). By courtesy of 
the Oak Ridge National Laboratory, operated by Union Carbide Corpora- 
tion for the U.S.A.E.C. 


* A serious accident occurred because of an unexpected pitfall when 
transferring a solution of fissile material from one container to another. 
The second container had geometry more favourable to neutron multi- 
plication than the first, but the solution was being diluted by addition 
of solvent during the transfer, and should have prevented the reproduction 
ratio from rising. However, the solvent did not mix adequately with the 
solution, and this collected at the bottom of the second container and 
became supercritical. 

** Beall, S. E. and Winters, C. E. Chemical Engineering Progress, Vol. 50, 
No, 5, p. 266 (1954). 
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extent. To minimize the volume occupied by the gases, and to 
prevent boiling of the fuel solution, this was pressurized to 
1,000 Lb/in? by heating some of the solution in a side chamber. 
The solution entered the core chamber tangentially, so causing a 
vortex to form at the centre. Here the gases collected, and were 
removed by a jet extractor. The fuel solution was circulated by a 
canned rotor centrifugal pump; the heat was removed in a heat 
exchanger in which water was boiled to feed steam to the turbo- 
alternator. This generated 140 kW. 

The reactor was moderated by the natural water in which the 
uranyl sulphate was dissolved, and the core was surrounded by a 
reflector of heavy water. This was pressurized by helium to just 
below the core pressure, so that the core vessel thickness could be 
kept down to 3/16 in. The reflector chamber, which had to with- 
stand the high pressure, was 3 in thick. About 50 kW of heat 
leaked from the core vessel into the heavy water, and was removed 
by circulating the heavy water through a heat exchanger which 
served to pre-heat the boiler water. The oxygen and hydrogen 
from the radiation decomposition of water were recombined by 
burning, and condensed before being returned to the circulation, 
the heat generated by burning being wasted. Some of the conden- 
sate was retained in a reservoir, and could be used to dilute the 
fuel solution in the storage tanks before circulating it through the 
core, or to dilute the solution already circulating. The concentration 
of uranyl sulphate could be varied in this way at will. 

The following procedures were available to shut down the reactor, 

(i) Lowering neutron absorbing plates into the region of high 
flux density just inside the reflector. 

(ii) Dumping the heavy water reflector. 

(iii) Diluting the fuel. This was the normal procedure. 

(iv) Stopping the steam extraction. This might seem to be 
quite the wrong way of preventing the reaction from growing, 
but was, in fact, very effective. The accumulation of heat in the 
core brought about an immediate expansion of the solution which 
reduced the mass of fissile fuel within the core volume, the process 
continuing until the excess reactivity disappeared. 

(v) Draining the fuel to tanks having non-critical geometry, 
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It was found in practice that the only control really needed 
was that of fuel concentration. The reactor was started up by 
increasing the concentration, and shut down by decreasing it. 
If the concentration was increased beyond that required for 
criticality, the core merely ran hotter so that the negative tem- 
perature coefficient brought it back to critical. The fuel concentration 
determined the temperature of the core. The power level was deter- 
mined by the rate of heat removal, the reactor being self-regulating 
in this respect. Increased demand at the turbo-alternator at first 
resulted in a fall of core temperature, an increase in reactivity and 
a rising power level. As soon as sufficient heat was being generated, 
the temperature rose once moreso that the transient was terminated, 
the reactor again running steadily at the new power level. 

Experiments were performed to check the protection afforded 
by the high negative temperature coefficient. Excess uranium-235 
was introduced into the system at rates of up to 75 g/sec, and 
doubling times as short as 30 msec were recorded. In one instance 
an initial power of 30 W rose to 11 MW in the course of a second, 
but then returned to normal in a tenth of a second. From the 
standpoint of control, the H.R.E. reactor has most desirable 
characteristics. These characteristics are to be expected of any 
reactor having a large negative temperature coefficient. 








CHAPTER 10 


The Heterogeneous Reactor 


The heterogeneous slow reactor, in which the efficiency of 
moderation is increased by lumping the fuel, is most usually a 
natural uranium, graphite or heavy water moderated pile. We 
have already described the general arrangement of a power 
reactor of this kind in Chapter 3. Natural uranium piles contain 
many fuel elements, and are large. The perturbation of neutron 
flux round the individual fuel elements may, therefore, be regarded 
as a fine structure superimposed on the general flux distribution 
(see Fig. 6.7). We may assume that a smeared out distribution, 
similar to the actual distribution, will be given by solving the 
reactor equation (9.6) 

V4 + Bd = 0 
for the relevant geometry and boundary conditions, if a value 
of the materials buckling B? can be found appropriate to the 
fuel/moderator matrix. This can be done by considering each of 
the quantities making up the formula for the materials buckling 
in turn. Since B? = (k,, — 1)/(L2 + L?), we must reconsider L, 
L, and the factors which make up /,. 


The Four Factor Formula 


Let us recapitulate what has been said about the neutron 
economy in a heterogeneous matrix of indefinite extent, following 
the life history of m neutrons born in one generation, until they 
give rise to the neutrons constituting the succeeding generation. 
The life cycle is illustrated in Fig. 10.1. 

The neutrons are born fast, within the fuel elements. Before 
they leave the fuel elements in which they are born, a few of them 
will cause fast fission in uranium-238. As we found on page 113, 
this increases the number of fast neutrons in the generation we 
are considering to me, where « is the fast fission factor. The fast 
neutrons are slowed down by the moderator, unless they encounter 
uranium-238 while they are passing through the resonance region 
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Fig. 10.1. Neutron life-cycle in fuel/moderator lattice. 


and are captured by it. The resonance escape probability being 
p, only nef neutrons reach thermal energies, ne(1 — p) being 
lost by capture. We have called the proportion of thermal neutrons. 
which are absorbed in the fuel the thermal utilization factor f, 
so the number of neutrons absorbed in fuel is nepf. The number 
produced in the next generation is nepfn, whence k,, = epfn. 
This is known as the four factor formula. 
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As we saw in Chapter 6, the fuel element is a source of fast 
neutrons, and a sink for slow. It is also a sink for neutrons of inter- 
mediate speed, including those at resonance. Fast neutrons are, 
therefore, streaming outwards from the fuel elements, but other 
neutrons are diffusing inwards. It follows that the fast flux is 
higher in the fuel than in the moderator, but intermediate and 
slow fluxes are higher in the moderator than in the fuel. The ratio 
of mean thermal flux in the moderator, to mean thermal flux 
in the fuel, was called the thermal disadvantage factor, and, 
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Fig. 10.2. Infinite multiplication constant for natural uranium rods in 
graphite. From R. L. Murray, Introduction to Nuclear Engineering. Copyright 


1954, Prentice Hall Inc., Englewood Cliffs, N. J., U.S.A. By permission of 
the author and publisher. 


because the factor is greater than unity, there is more parasitic 
absorption of neutrons in the moderator than there would be in a 
homogeneous arrangement of fuel and moderator. The thermal 
utilization factor is smaller when the fuel is lumped. This factor 
is calculated from the absorption coefficients of the materials of 
the lattice by weighting these according to the amounts of material 
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and the average flux within the materials, when the fine structure 
flux distribution has been worked out for a lattice cell. The cal- 
culation of the resonance escape probability » for a heterogeneous 
lattice is still more complicated than for the homogeneous mixture, 
and it is customary to use empirical formulae for it. We have 
already calculated ¢, and 7 is a physical constant depending on 
the fuel. 

For natural-uranium/graphite systems consisting of a square 
array of cylindrical rods of radius 7) cm, the area of cross-section 
of the (square) lattice cell being a7? cm?, values of «, p and f 
have been published.* 7 for natural uranium is 1-32. k,, calculated 
from these values is plotted in Fig. 10.2. Now / is decreased as a 
result of lumping the fuel, whereas # is increased, so there is an 
optimum size of lattice cell, and also of radius of rod, the curves 
for k,, having maxima. The optimum conditions prove to be ap- 
proximately at p =f. The optimum values are 7) ~ 1-4 cm and 
vy, ~ 11:5 cm, which corresponds to 1-1 in. diameter rods spaced 
8 in. apart. This arrangement makes k,, ~ 1-08. 


The Materials Buckling 


The four factor formula deals with the numerator in the formula 
for materials buckling B? = (epfn — 1)/(L? + L?), so it remains 
to discuss the denominator. To a first approximation, the slowing 
down occurs in the moderator only, and L, can be given the value 
for the material of which it consists. Actually, though the fuel 
is an extremely poor moderator, consisting of heavy atoms and, 
therefore, rather like a void from the standpoint of slowing down, 
there is some zmelastic scattering in uranium, and this does help 
to slow the neutrons down. The approximation of assuming L, 
to have the value appropriate to the moderator is therefore not a 
bad one. It can be shown that L? for the lattice is given by L?(1—/) 
in which L refers to the moderator. 

We have now seen how, in principle, the criticality of a hetero- 
geneous pile can be calculated, but the reader cannot have failed 
to notice how frequently approximations and qualifications have 


“ Glasstone, S. Principles of Nuclear Reactor Engineering, 1956. New 
York; Van Nostrand: London; Macmillan. 
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appeared in the reasoning. Accurate values of the factors entering 
into the calculations cannot be expected. This is a serious matter, 
because it is epfn — 1 that is significant, and epfy is quite close 
to unity. By way of example, when calculating %,, — 1 for the 
graphite moderated pile BEPO at Harwell, it was necessary to 
work to one part in a thousand to obtain an accuracy of 2 per cent 
in the result. 

In actual design calculations, several things can be done to 
facilitate achieving acceptable accuracy in the predictions. 

(i) The fundamental theory can be improved to eliminate sim- 
plifications. A first step is to treat the slowing down process as a 
continuous one, and to consider the diffusion of neutrons as a 
function of their age since birth as fast neutrons. This treatment 
is known as the Fermi age theory. It should be noted that the 
variable called ‘age’ in the theory is not a time, though closely 
related to the chronological age. Fermi age theory gives the 
materials buckling B? as the solution of the transcendental 
equation 


knee = 1+ LB 


If the buckling is small, corresponding to the case of large reactors, 
the value of B? reduces to the form we have used. 

(ii) Allowance can be made in the calculations for the effect of 
canning material surrounding the fuel rods, of air gaps and coolant 
material. Since a reactor is normally operated with the control 
rods only partially withdrawn, their effect on the flux distribution 
is important. These, and other complications, call for the use of 
computing machines. 

(iii) Even when the best available physical constants are sub- 
stituted in detailed theoretical calculations, the results may not 
agree with experimental findings as well as one wishes when 
designing a large and expensive reactor. In designing a new 
reactor, however, if it is of a kind similar to one already tested, 
it may be assumed that the departure of theoretical characteristics 
from the actual ones will be very similar in the two cases. Some 
ad hoc adjustment of the theory which gives the right answer for 
the known reactor, if applied to the design calculations for the 
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new reactor, may therefore be expected to lead to a much more 
accurate result. Such adjustments can sometimes conveniently be 
made by using a fictitious value for some physical constant: 
values of 7 have been used which depend on the moderator, 
although 7 must, physically, be independent of the nature of the 
moderator. 



































Fig. 10.3. Cut-away drawing of exponential assembly at the Imperial 
College of Science and Technology. From Nuclear Engineering, Vol. 3, p. 290 
(1958). Copyright drawing, Nuclear Engineering. 


1, Graphite block. 2. Graphite keying bar with accommodation for measure- 
ment foils. 8. Uranium fuel rods in aluminium tube. 4. Aluminium spider 
for locating fuel element. 5. Aluminium girders for bracing structure. 
6. Antimony source on long handle, 7. Lead block. 8. Beryllium sleeve. 
9, Lead-filled coffin, 10. Support rails for coffin. 11, Cast-iron base-plate. 
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(iv) When preliminary design calculations have been made, the 
characteristics of the favoured arrangement can be investigated 
experimentally by checking the behaviour of the lattice in an 
exponential pile, such as was described for the building of the first 
self-sustaining reactor. Measurements made on a sample of the 
proposed lattice, using the materials to be employed in the pile, 
give a reliable value of the materials buckling. A typical ex- 
ponential pile is illustrated in Fig. 10.3. 

(v) Provided sufficient fuel channels have been built in the 
construction of the pile, the number required to be loaded to 
attain criticality is determined by watching the behaviour of the 
pile during progressive assembly of the fuel in the core. 


Exponential Pile Experiments 


A large number of exponential pile experiments has been per- 
formed in the different nuclear laboratories of the world, and the 
procedure of building them gave the name ‘pile’ to the first reactor 
which was just a similar, though larger, assembly of fuel elements 
and graphite. If the purpose of the exponential pile is to measure 
either L or L,, it will be built of blocks of the graphite under 
investigation; to measure B? it will be built with the lattice 
structure of fuel and moderator under test, and may be as much 
as a third the size of a critical pile. The exponential pile, being a 
subcritical assembly, requires neutrons to be fed into it to maintain 
a steady state of flux. The pile is a column of circular or rectangular 
cross-section, and the neutrons are fed into it at one end. If fast 
neutrons are required for slowing down measurements, these are 
obtained from an artificial source such as radium-beryllium; if 
thermal neutrons are required for measuring L, or the buckling 
of a lattice, neutrons from an artificial source may still be used, if 
measurements are confined to a distance of more than about 
3L, from the source, where neutrons have been thermalized; 
alternatively thermal neutrons may be fed into the exponential 
pile from the thermal column of an existing reactor. The distribu- 
tion of neutron flux is measured by the activation of indium foils, 
with and without a cadmium sheath, the ratio of activation 
without the sheath to activation with the sheath being called the 
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cadmium ratio. Now indium is activated by thermal neutrons, 
and by a resonance absorption at 1-44 eV in the epithermal region. 
Since cadmium absorbs thermal neutrons, the cadmium ratio is 
equal to the ratio of thermal plus epithermal neutrons to epithermal 
neutrons. In this context, epithermal refers to those epithermal 
neutrons which activate indium. 

In measuring L,, attention is confined to neutrons that have 
slowed down to the epithermal resonance at 1-44 eV, by making 
the measurements with indium foils sheathed in cadmium. A 
correction is applied later, to allow for these neutrons not having 
been slowed down quite to thermal energies. Mathematical 
analysis shows that the distribution of neutrons that have just 
been slowed down to thermal energy, along the axis of the column, 
and not too close to the far end, is given by 

22 
e 4L, 





where z is the distance measured along the column. A plot of the 
logarithm of the activation against 2? gives the vaue of E*, 

The measurements for L, must be made relatively close to the 
source, where there are still epithermal neutrons left. Further 
than about 3Z, from the source thermal neutrons will diffuse 
along the column, and much further from the source the distribu- 
tion of thermal neutrons along the axis can be shown to fall off 
as er, where L, is a relaxation length given by 


1 = 1 , 1 1 

pont ats 
where a and 6 are the dimensions of the column perpendicular to the 
axis, corrected by 2 x 0-71/,,. The distribution of thermal neutrons 
in this region, measured as the component of activation of indium 
foils that is cut off by cadmium, gives the diffusion length L. 
If, as should be the case, no epithermal neutrons are left, all 
the activity will be cut off by cadmium. 

If the column consists of a multiplying medium, measurements 
are again made a long way from the source, and if the column 
is a lattice system, at corresponding points in the lattice. At 
corresponding lattice points, the ratio of thermal to epithermal 
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neutrons from fission in the fuel elements will be constant, 
provided no thermal neutrons survive from the source. This can 
be checked from the cadmium ratio, which should be the same 
for all the points at which measurements are being made. Under 
these conditions the relaxation length is given by 


1 1 1 
a-*lat pg) —® 


and so the materials buckling can be determined. 


Reactor Temperature Coefficients 


Criticality involves the materials buckling being equal to the 
geometrical buckling, and both the physical constants making 
up the materials buckling, and the size of a reactor, depend on 
temperature. A reactor which is critical at one temperature will 
therefore be either subcritical or supercritical at a different 
temperature. We have seen how the large coefficient of cubical 
expansion of water contributed to the safe operation of the homo- 
geneous reactor experiment, by expelling some of the dissolved 
uranium from the core as the temperature rose. In general, fluids 
in a reactor will have important effects. If ordinary water is used 
as coolant, a rise in temperature will reduce the amount of water 
in the core, and reduce the absorption of neutrons by capture in 
the hydrogen, thus increasing the reactivity. This positive con- 
tribution to the temperature coefficient can be dangerous, but, 
if water is also used as moderator, slowing down becomes less 
efficient at a higher temperature, and the contribution on this 
account is negative. In an air-cooled reactor, a positive contribu- 
tion to the temperature coefficient arises because of neutron 
capture in nitrogen. This also leads to a dependence of reactivity 
on barometric pressure. 

If the core is solid, it will become larger as the temperature 
increases, and so affect the geometrical buckling slightly. The 
resulting contribution to the temperature coefficient is small, 
but positive. In a heterogeneous reactor, there are also, in principle, 
differential expansions to be allowed for. 

Changes in density resulting from changes of temperature 
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affect the number of nuclei per cm, and so alter the macroscopic 
cross-sections. However, as far as solids are concerned, the 
resulting effects are not important. 

Changes in microscopic cross-sections, on the other hand, may 
be quite important, the reason being that we are very much 
concerned with cross-sections for thermal neutrons, whose speed 
v is directly related to the temperature, and for which absorption 
cross-sections are usually proportional to 1/v, though scattering 
cross-sections are not much dependent on v. The effect of tem- 
perature on the nuclear constants which make up the materials 
buckling is as follows. 

(i) The fast fission factor ¢ depends on cross-sections for high 
energies, and is independent of temperature. 

(ii) The resonance escape probability » decreases as the tem- 
perature increases. This is because the vesonance capture cross- 
section in 8U increases as a result of the bigger range of relative 
velocity of neutron and uranium atom. The increase is known as a 
Doppler effect. 

(iii) Increase of temperature reduces the absorption coefficient 
of uranium for slow neutrons, and the fuel elements absorb 
neutrons less strongly. The slow neutron flux is less depressed 
by the fuel elements, and the thermal disadvantage factor decreases. 
This increases the thermal utilization factor /,. 

(iv) The number of neutrons per fission » is unaffected by 
temperature, but the ratio of capture cross-section to fission 
cross-section does change with temperature, so 7 is not in- 
dependent of temperature. From the behaviour of a natural- 
uranium/graphite pile it appears that 7 at first decreases as the 
temperature increases, increasing again at a higher temperature. 

(v) L, is practically unaffected by temperature. 

(vi) ZL increases with increasing temperature, because the ab- 
sorption coefficient decreases. 

The way in which all these changes combine to alter the buckling 
will depend on the design of the reactor. In the case of the natural- 
uranium/graphite reactors at Calder Hall, experimental values 
have been published both for temperature changes in the uranium 
only, and temperature changes in both uranium and graphite. 
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The former is relevant to a sudden change, the latter to a slow 
change in temperature. The temperature coefficients of the 
reproduction ratio (ratio of the number of neutrons born in any 
generation to the number born in the preceding generation) are 


—2-5 x 10-5/°C for uranium only heated, 


ao —7 x 10-5/°C for uranium and graphite heated. 


These figures refer to a ‘clean’ reactor. As plutonium accumulates 
in the fuel elements, the part of the temperature coefficient 
which comes from the heating of the graphite gets less negative, 
and ultimately can become positive. This happens because 
plutonium has a resonance for fission in the epithermal region. 
Hotter neutrons are, therefore, more effective in causing fission; 
the positive temperature coefficient comes from an increase in the 
thermal utilization factor. The effect is an embarrassment when 
designing power reactors of the Calder Hall type. 


Heavy Water Moderated Reactors 


Heavy water is a much more efficient moderator than graphite, 
but its use in natural uranium piles has been restricted by its 
cost and limited availability. The more efficient the moderator, 
the less fuel is required for criticality; both the resonance escape 
probability and the thermal utilization factor can be made higher 
than for graphite, and k,, may be as much as 1-25. A smaller 
reactor is less expensive to run at a high specific power, so heavy 
water moderated reactors are preferred when a high flux is 
wanted for irradiation in materials testing or the production of 
isotopes. Such reactors have the additional advantage that they 
can tolerate a lot of parasitic absorption by materials inserted 
into the core. The optimum lattice is different from when graphite 
is the moderator. For heavy water it is approximately 1-1 in. 
diameter rods arranged in a 52 in. square lattice. Three to four 
tons of natural uranium with 7 tons of heavy water will make a 
bare reactor critical which would require 50 tons of uranium 
with 280 tons of graphite. 


NRX Reactor 
The first high flux reactor was built at Chalk River, Canada, 
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and is known as NRX. It uses natural uranium fuel, heavy water 
as moderator, ordinary water as coolant and has a graphite 
reflector. The fuel rods are vertical, in a cylindrical tank of 
moderator (Fig. 10.4). The tank, known as a ‘calandria’ is of 
aluminium, 8 ft in diameter, and 10 ft high. There are 176 fuel 
rods, totalling 103 tons, and 17 tons of heavy water, the level of 
which can be varied as a coarse control. The heavy water can also 
be dumped in an emergency. Fine control is by means of boron— 
steel or cadmium-steel absorber rods. The uranium fuel rods are 


oe TK 
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Figure 10.4. NRX reactor. By courtesy of Atomic Energy of Canada Ltd. 


sheathed in aluminium, and also surrounded by two concentric 
aluminium tubes (Fig. 10.5). The cooling water flows through 
the inner annulus; the outer carries an air stream which prevents 
the heavy water becoming contaminated by natural water if 
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there is a leak. At a power of 30 MW the average thermal neutron 
flux is 2 x 108 neutrons/cm? sec. 

The reactor was started up in August 1947. In December 1952 
a power surge ruptured the aluminium sheaths of about one fuel 
rod in ten, and the uranium melted and oxidized. About 10,000 
curies of radioactivity were released, contaminating the cooling 
water and reactor structure. It appeared at first that the reactor 
would have to be abandoned, but, as the result of a determined 
effort, it was decontaminated and reconstructed, the activity 
which remained around the reactor being not merely within 
tolerance, but less than before the accident.* NRX was again 
put into service in Febraury 1954. 


COOLING WATER 
STREAM 








Fig. 10.5. Fuel rod in calandria tube (schematic). By courtesy of Atomic 
Energy of Canada Ltd. 


* Gilbert, F. W. Chemical Engineering Progress, Vol. 50, No. 5, p. 267 (19654), 





CHAPTER 11 


The Influence of Purpose on Design 


In describing different types of reactor, slow or fast, homo- 
geneous or heterogeneous, we have seen that each possesses 
characteristics, both good and bad, which make any comparison 
far from straightforward. The choice of design, furthermore, has 
to be made with some definite purpose in view, and against a 
background of available materials and facilities. 

The first reactor ever constructed had, as its sole objective, 
to establish that a self-sustaining chain reaction was possible, 
using natural uranium as fuel and graphite as moderator. This 
having been done the reactor was reconstructed for further ex- 
periments. Reactors of new design are still being built to settle 
feasibility questions because reliable answers can often only be 
gained by trial and error. Their design is dictated by the question 
to which an answer is sought, and, provided the answer is an 
important one, the cost is of secondary consideration. 

Another kind of reactor for research and development can be 
designed to provide experimental facilities for investigations 
requiring a high neutron flux inside the core for irradiation, or 
powerful neutron beams outside the reactor. Irradiation inside 
the reactor may be for the production of isotopes, or for materials 
testing which is very important in view of the difficulties arising 
from the severe radiation damage suffered by fuel elements and 
some structural materials. 

At the time of writing it appears that there is not yet sufficient 
weapons grade fissile material in the world to enable politicians 
to conduct international affairs with such confidence as can be 
derived from the military backing they deem necessary. Nuclear 
energy programmes are, therefore, still subject to the overriding 
need to produce plutonium for bombs, and large reactors are still 
being designed as converters or as dual purpose reactors. Taking 
a long-term view, however, the emphasis must ultimately be 
laid on the power reactor, and finally on the power breeder 
reactor. For mobile use, small size and light weight are the most 
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important requirements, while for central generating stations, 
these considerations give way to the overall economic point of 
view. 

Any fission reactor consumes fissile fuel, producing heat and 
neutrons continuously while working, and accumulating fission 
products which must periodically be removed with the spent fuel. 
Spent fuel is by no means all used up; most of the initial charge 
is left, and some new fissile material will have been formed, when 
the fuel elements require returning to the chemical plant for 
separating the fission products, and to the metallurgical plant for 
reprocessing metal which has become distorted. If the fuel is fluid, 
and circulates through the core, the chemical processing can be 
made continuous and metallurgical processing is not involved. 
If the fuel circulates, some of the delayed neutrons will be released 
outside the core, thus becoming a nuisance rather than an asset. 
Neutrons, as well as heat, are to be regarded as economically 
valuable. Those left over from keeping the reactor working, if 
not needed for irradiation purposes, could be used to convert 
fertile into fissile material. 


Reactor Flux and Power 


Avogadro’s number, the number of molecules per mole, is 
6:02 x 10. A gramme of uranium-235 therefore contains 
6-02 x 103/235 = 2-56 x 1021 atoms. If there are m grammes of 
uranium-235 in a reactor core, occupying a volume of V cm’, the 
number of atoms per cm? is 2:56 x 1074 m/V. The macroscopi¢ 
cross-section for fission is then 2-56 x 1074 o,m/V, o, being the 
microscopic cross-section for fission in cm? per nucleus. If the 
mean flux in the fuel is ¢ neutrons per cm? per sec, the rate of 
fission is 2-56 x 102! o,m¢/V fissions per cm per sec. If the energy 
released in fission is expressed in electrical units, 3-1 x 10% 
fissions give one joule, so the mean power in watts appearing as 
heat per cm’ of fuel is 2-56 x 10%! o,md/V divided by 3-1 « 10¥, 
If the total power appearing as heat in the reactor is P, then 


P = 8:3 x 10%o,m¢ watts 


and 
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P 
8-3 x 10o,m 





with o, in cm? per nucleus, i.e. in barns x 10-*4, To the accuracy 
given, these formulae will apply to uranium-233 and plutonium-239 
as well as uranium-235. 

For a given fuel, the mean flux is proportional to the specific 
power. If a reactor is run up to the specific power at which the 
limiting temperature in some part of the fuel element is reached, 
the maximum mean flux that the reactor is capable of attaining 
is reached. Suppose, now, a high flux reactor is to be designed 
for experimental purposes, the heat being wasted. If the fuel is 
to be natural uranium, the reactor will inevitably be large, and the 
wasted heat large also. The only way in which it can be reduced 
is to use an efficient moderator, and keep the amount of fuel 
required for criticality as small as possible. This was done in the 
NRX reactor, as we have seen, by using heavy water as the 
moderator. If, however, enriched fuel is available, the size of the 
reactor can be reduced much more. This was done in the materials 
testing reactor MTR, at Arco, Idaho. 

If a reactor is being designed to generate power, the neutron 
flux having no function apart from maintaining the chain-reaction, 
then a low flux is advantageous since it lengthens the time before 
servicing operations have to be carried out to deal with radiation 
damage; a low flux also minimizes the effect of fission poisons. 
This favours the large natural-uranium/graphite pile in which the 
generation of heat is distributed among a lot of fuel elements, 
each of which may be run below the maximum allowable power. 


Conversion Ratio 


The purpose of a converter reactor is to change fertile uranium- 
238 into fissile plutonium-239, at the expense of consuming 
fissile uranium-235. In a simple converter the energy is wasted, 
the objective being to exchange uranium-235, which is extremely 
difficult to separate from uranium-238, for plutonium-239, which 
is much easier to separate, and which is also more efficient than 
uranium-235 in a bomb. It is important to carry out the separation 
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of plutonium at frequent intervals to prevent the plutonium-239 
from becoming appreciably contaminated with plutonium-240 
which is formed by neutron capture from plutonium-239. Plu- 
tonium-240 does not undergo fission with neutrons, but has a 
high spontaneous fission rate which limits the amount that can be 
tolerated in a bomb, if premature explosion is to be avoided. 
Frequent separations would not be necessary in a dual purpose 
reactor generating economic power, and at the same time producing 
plutonium for use in fast power reactors, since these can be 
designed to be efficient with highly enriched, as distinct from pure, 
fuel. In a converter reactor the composition of the fuel elements. 
will change with time, and so will the yield of plutonium per 
atom of uranium-235 destroyed. This yield will return to the 
value for natural uranium each time the converter is refuelled, 
and we are primarily interested in that value. The ratio of the 
number of plutonium atoms produced to the number of fissile 
uranium-235 atoms destroyed is the conversion ratio. We should 
have to define it in terms of the number of plutonium atoms 
remaining if we were not interested only in the znztzal conversion 
ratio Cy: plutonium atoms as well as uranium-235 atoms are 
destroyed, in proportion to the number accumulated, the con- 
version ratio decreasing with time. 

Since neutrons are a valuable commodity in converter reactors, 
parasitic absorption must be kept to a minimum, and an upper 
limit to the conversion ratio will be obtained by assuming there is 
no parasitic absorption. Now this upper limit will be less than that 
which would be obtained if no neutrons escaped from the reactor, 
and all neutrons produced were either captured by uranium-238 
forming plutonium-239, or absorbed in uranium-235, so main- 
taining the chain-reaction. Suppose, then, there were no parasitic 
absorption and no escape. The absorption of m neutrons in uranium- 
235 would produce my fast neutrons from fission, or ven allowing 
for the fast fission factor. Of these neutrons, m are required to 
maintain the chain reaction, leaving ney — n to be captured by 
uranium-238, so producing men — m plutonium atoms, Cy must 
therefore be less than en — 1. For a dilute mixture of uranium-236 
and uranium-238 isotopes, such as natural uranium, this is 
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1:03 x 2-1 — 1 = 1-16, taking the value of ¢ for 1-1 in. diameter 
fuel rods. Unfortunately, when the escape of neutrons is allowed 
for, this calculated figure proves to be greatly in excess of what 
can actually be achieved, a typical value of Cy for a natural- 
uranium/graphite pile being 0-80. 

There is not much room for manoeuvre to improve the initial 
conversion ratio. From the standpoint of obtaining a reproduction 
ratio exceeding unity it is desirable that neutrons should escape 
resonance capture, but from the standpoint of plutonium produc- 
tion it is necessary for them to be captured; therefore one wants 
as small a resonance escape probability as is compatible with 
keeping k,, greater than unity. By using heavy water as moderator, 
but not too much of it, the resonance escape probability can be 
kept low, but the thermal utilization factor high enough to permit 
criticality. The Savannah River converters are designed to use 
heavy water as moderator. 

The way in which the problem of heat removal leads to a 
difference between the design of converter and power reactors 
will be discussed in Chapter 14. 


Refuelling 


The conversion of uranium-238 to plutonium-239 goes on, of 
course, whether the reactor is intended to be a converter or only 
a generator of power, and other conversions occur in the fuel 
elements as well, such as uranium-235 into uranium-236. The 
plutonium-239, being fissile, contributes progressively to the 
maintenance of the chain-reaction as it grows. If left inthe reactor 
long enough the amount would rise until the rate of formation 
was balanced by the rate of disappearance through neutron 
absorption. The distribution of the most important constituents 
in a natural uranium fuel rod before irradiation, and when about 
half the saturation amount of plutonium-239 has been formed, is 
shown in Fig. 11.1. 

In a converter, or in a dual purpose reactor, as we have said, 
fuel processing must be carried out at frequent intervals. In a 
power reactor it might seem that the replacement of one fissile 
material by another would make it possible to defer reprocessing 
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for a very long time; it is not depletion by burn-up, however, 
that is the determining factor. Even if the accumulation of fission 
poisons can be accepted, in the present state of reactor technology 
radiation damage and thermal creep make it essential to re- 
fabricate the fuel elements before it would otherwise be necessary. 

The initial loading of a power reactor must allow for the slow 
depletion of fissile material and the accumulation of poisons that 
will have occurred when refuelling becomes due, so that there is 
always sufficient excess reactivity for satisfactory control. This 
means that considerable extra fuel must be built into the reactor 
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Fig. 11.1. Composition of natural uranium fuel. 


at first loading, and this is usually sufficient to take the reactor 
above prompt critical with all control rods removed. The initial 
loading may amount to twice the quantity of fuel required to 
reach delayed criticality. 


Enriched Fuel 


Since a natural uranium reactor can be made to work, and the 
separation of the uranium isotopes is extremely expensive, it 
might be thought that reactors using enriched uranium fuel 
would be uneconomic, overlooking that this type of reactor was 
chosen for the power plant of the U.S. submarine Nautilus, 
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where cost was not a primary consideration. The use of enriched 
fuel, however, carries many advantages, both engineering and 
economic, and there is a school of thought that foresees a sound 
economic future for enriched fuel reactors for the generation of 
industrial power. The considerations involved are complex, but 
as a pointer it may be mentioned that the cost of enriching the 
fuel to a helpful extent is comparable with the cost of using heavy 
water as moderator. If spent fuel elements are to be processed 
for return to the same reactor, it is necessary to top up with 
uranium-235; in which event it seems quite reasonable to top up 
to the extent of making the fuel slightly enriched. The enrichment 
may be confined to a few of the fuel elements, known as ‘seeds’, 
in the ‘blanket’ * of natural uranium fuel elements. 

If the concentration of uranium-235 in natural uranium is 
doubled by enrichment, the neutron yield is improved and the 
multiplication factor increased. This permits greater flexibility 
in design, allowing the reactor to be more convenient in size than 
the natural uranium reactor which is enormous, and the fast 
reactor which is too small for the heat to be removed easily. Two, 
types of enriched uranium reactor are particularly attractive, 
rendered possible by the ability to accept increased parasitic 
absorption in the core, on the one hand in the coolant, on the 
other in the moderator. A graphite-moderated enriched-uranium 
reactor will work with liquid sodium as coolant, and this does not 
need to be pressurized. Sodium has a rather high absorption cross- 
section, but is an efficient coolant, and the absence of any need 
to pressurize it is a great advantage. If, however, one accepts 
the disadvantages of pressurization, it is possible to use ordinary 
water as both coolant and moderator in .an enriched reactor. 
This type of reactor, though not yet economic, has proved successful 
in operation at Shippingport. The entire high-pressure system is 
enclosed in a strong steel structure buried underground to contain 
the radioactivity, and to protect personnel in case of a burst. 


Natural Resources 
The first large nuclear reactors were converters fuelled with 


“ Blanket is used in a different sense on page 136. 
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natural uranium; the first large isotope separation plant produced 
uranium-235 for bombs. The first nuclear power programme 
therefore started with both plutonium and enriched uranium 
available, thus widening the choice of reactor types at the outset. 
It may be that nuclear fusion reactors will finally displace fission 
reactors for the generation of power, but in the meantime a 
programme based on nuclear fission must take account of the 
natural sources of fissile and fertile material which can be 
exploited, and the general background of available energy sources 
compared with possible requirements. 

The situation in 1954 was reviewed in great detail by Putnam,* 
in an attempt to foresee the maximum energy demand it is 
plausible to contemplate, and the energy reserves that can be 
expected to become available at an economic cost. His extra- 
polations would not be very different today, although fuel reserves 
have been discovered that were only surmised when the survey 
was made, but this does not make any essential change in his 
conclusions. It must be emphasized that these conclusions are 
in no sense a prediction of what is expected to happen. Forecasts 
of energy demand require assumptions to be made about socio- 
logical changes and technological development that are any- 
body’s guess. To avoid making such assumptions, Putnam’s 
argument takes the form: if certain suppositions are made, then 
in the light of existing knowledge, certain conclusions become 


plausible. The suppositions are: 

(1) That present trends in world population continue for 100 years, 
They could not continue for 1,000 years, because there would be no 
standing room left on land by about A.D. 2,500, but there is no in- 
superable obstacle in sight which would limit the continued increase 
in the next century, such as unavoidable lack of food and water. Present 
trends involve a doubling of the world population by about A.D. 2,035, 
The first supposition is broadened to the extent of assuming that world 
population in A.D. 2,050 will be between 5 and 8 thousand million, 

(2) That present trends in per capita energy consumption continue 
for a similar period. Putnam advances arguments showing that @ 
continuation of the population trend is dependent on a changing social 
structure which requires abundant cheap energy, so that it is only 
reasonable to entertain the first supposition if the second is added 


* Putnam, P. C. Energy in the Future, 1953. New York; Van Nostrand, 
London; Macmillan (1954). 
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to it. The second supposition is broadened to allow for growth rates 
- of world energy demand of between 3 and 5 per cent per annum. 

(3) That present trends in the efficiency of utilization of energy 
continue. The demand referred to in (2) is calculated at the point of 
application, e.g. in the case of automobile transport between the tyre 
and the road. Using extrapolated efficiencies, output energy requirements 
can be converted into requirements of input energy represented by 
calorific content of fuel. Improvements in efficiency cannot be as im- 
portant in the future as in the past (because efficiencies cannot exceed 
100 per cent), and are not nearly as great as the increase in energy demand, 
so one extrapolated efficiency curve only is used. 
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Fig. 11.2. Estimates of maximum cumulative world demand for energy 
input, assuming different maximum plausible populations,* different maxi- 
mum plausible rates of growth in the per capita demand for energy output 
measured at the point of end use, and the minimum plausible trend in the 
weighted average world efficiency curve. The value of 9 Q at A.D. 1860 
represents the approximate cumulative input to the world energy system 
between A.D. 1 and the earliest date for which there exist reasonably 
adequate estimates of annual fuel consumption. The demands are compared 
with the 27 Q recoverable from fossil fuels, and the 575 Q recoverable from 
nuclear fuels, at less than twice 1950 real costs. From P. C. Putnam, Energy 
inthe Future, 1953. New York; Van Nostrand. By courtesy of the publishers. 


The cumulative energy requirement calculated from these 
suppositions is given in Fig. 11.2. In view of the vast amounts 
of energy involved, a new unit of energy called Q is introduced, 
representing 10' B.Th.U, It is clear from the shape of the curves 


* Billion here means a thousand million, 
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that present population trends do not have to continue for long 
before they present a major problem as to where the energy supply 
implied by them can be obtained. 

Statistics show that we rely at present mainly on fossil fuels— 
coal, oil and natural gas. Hydro-electric power can only make a 
minor contribution to world requirements. The only continuously 
available source of power which could meet present requirements 
is solar heat, but known methods of converting it into industrial 
power are prohibitively expensive. These considerations pose the 
question of how adequate natural reserves of fossil fuels and 
fissile and fertile nuclear fuels may be, or rather, how much of the 
total reserves can be extracted at a cost that is economically 
acceptable, which in the present context is taken to mean com- 
patible with the continuation of present energy trends. These 
trends depend on the availability of cheap power; Putnam assumes 
that a doubling of the (real) cost of energy is the maximum that 
would not force a departure from the trends. There has arisen 
relatively recently a marked and rapidly increasing preference for 
fluid fuels; in 1948 half the oil and natural gas ever burnt had 
been burnt since 1938. This trend cannot be met from fossil 
fluids much longer: world reserves would not last even until 
A.D. 2,000. It will become necessary to synthesize oil from coal, 
and if this is done, the trend can be met, but losses in synthesi§ 
will occur which must be allowed for when reckoning up the coal 
reserves. Some correction is also required on this account when 
estimating other fossil fuel reserves. Fossil fuel reserves (sum= 
marized in Table 11.1) were estimated by Putnam to be ag 
follows. 


(1) The present * burn-up of coal amounts to 2:3 Q, one half of it 
consumed since 1923. The assured reserves of the U.S.A. added to the 
estimated reserves of the U.S.S.R. and China, and the reserves of the 
rest of the world, amount to 32 Q. In limiting the estimate to coal 
recoverable at not more than twice present costs it was assumed that 
present methods would be used, but underground gasification does not 
increase the estimated reserves significantly. The correction for loss 
in synthesis reduces the heat content of the reserves to 21 Q, 


‘ 


* ‘Present’ is in the context of Putnam’s book. This means about 19 
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(2) Known reserves of oil and natural gas amount to 1-0 Q. It is 
thought that another 4-6 Q remains to be discovered on land, and that 
there may be as much as 9 Q under the continental shelves of the world. 
The cost of recovery at sea is much higher than on land, and little of 
the 9 Q can be included in what is economically recoverable. In the case 
of oil, the acceptable increase in cost has to be set lower than for coal, 
because if the price rises much above the present price it will be cheaper 
to synthesize oil from coal than to get it out of the ground. A limit was 
therefore set at 1-3 times the present price. 

(3) Shale may account for 2 Q and tar sands for 1-7 Q, but there 
is a large correction for loss in synthesis. 


Table 11.1 


Fossil fuel reserves. 
ee ee te 
Total corrected 





Estimated Assumed 
Fuel Known : for 
undiscovered total ; F 
loss in synthesis 
Coal 32 Q 21Q9 
Oil/gas 100 460 56 O 5-0 Q 
Shale 2:0 0 2:0 QO 100 
Tar sands QO 17Q 0-2 0 





The grand total is 27-2 Q. The present rate of growth of the 
per capita energy demand is 3 per cent. Taking this value for 
extrapolation, the curves of Fig. 11.2 predict that the economically 
recoverable reserves would last until A.D. 2,025. The argument 
which leads to this conclusion may be re-formulated shortly as 
follows. The supposition that present trends in population and 
energy demand continue leads to the conclusion that known and 
likely to be discovered reserves of fossil fuels will become so 
depleted by A.D. 2,025 that it is no longer economic to recover 
such reserves as remain. Putnam interprets this as meaning that, 
if demands continue to increase as present trends indicate, there 
will be an insistent demand for a new source of cheap energy at 
the latest by about A.D. 1975. It should be mentioned that the 
urge to develop nuclear power in the U.K. is not motivated by an 
imminent failure of coal and oil supplies. In general, of course, a 
variety of factors short of ‘seeing the bottom of the bin’ influences 
the planning of a power programme. 
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The rate of energy input to the world energy system was about 
0-10 O per annum in 1950. 

It would appear that a nuclear energy programme could meet 
the postulated urgent requirement for an additional source of 
power if social and technological development should make it 
an actual requirement, though the programme would have to be 
on a very large scale. Reactor technology is sufficiently far ad- 
vanced for it to be plausible to assume that it could keep up with 
the expanding programme, and the cost of nuclear power is not 
substantially greater than that of conventional power. Recent 
discoveries of uranium guarantee sufficient fissile fuel for the early 
stages. It remains to consider the long-term implications. 

As far as can at present be foreseen, for the generation of power 
from fissile fuel to be really economic it must be carried out in 
high-power reactors suitable only for central generating stations, 
the output being electricity. Nuclear power is therefore only 
suitable for a proportion of the total power requirement. The 
present pattern of energy demand in industrialized countries makes 
it feasible to supply only 10 to 20 per cent from nuclear sources. Only 
about 10 per cent can be met from ‘income’ sources such as water 
power, as distinct from using up ‘capital’ supplies such as coal, 
For it to be possible in the future for nuclear power to take over 
continuously from existing failing resources, a fundamental 
change in the pattern of energy demand would be required, 


Putnam estimates that extensive (and expensive) electrification 


schemes might enable 60 per cent of the A.D. 2,000 energy demand 
to be met by nuclear power. If these schemes were carried out, 
extrapolation of the present-day trends of demand for the next 
hundred years becomes a plausible contingency to be reckoned 
with. 

It is not long since the prospector became equipped with 
Geiger counters in the search for uranium. Much uranium remains 
to be discovered, and it is more difficult to estimate reserves than 
for coal and oil. It is also more difficult to foresee how low a grade 
of ore it will be economical to extract in the future. This is even 
more so in the case of thorium. Changing one’s assumption can 
put up the estimated useful reserves of thorium from the equivalent 
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Fig. 11.3. World distribution of sources of uranium and thorium By 
courtesy of the Geological Survey of Great Britain, Atomic Energy Division. 
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of 4 per cent of the estimated total uranium reserves, to the 
full amount. Since, however, thorium is only of use for breeding, 
the significant reserves are those of uranium until these have 
already become heavily depleted. The distribution of known 
reserves is shown in Fig, 11.8, 
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An official U.S. estimate of reserves was given at the Second 
Geneva Conference for the Peaceful Uses of Atomic Energy, 
1958, in which uranium reserves were divided into two categories, 
high grade reserves for which extraction costs do not exceed 
$ 10 per Ib of U,Og, and low grade for which the cost of extraction 
is three to six times as much. Known high grade reserves in the 
U.S.A., Canada, South Africa and France amount to 1-1 million 
tons U3Ox, and the total high-grade reserves for non-Communist 
countries is estimated at 4 million tons. Known economic reserves 
of thorium in non-Communist countries amount to half a million 
tons ThO,. Low-grade uranium reserves are thought to exceed 
20 million tons U,O,. Putnam estimated that world uranium 
reserves amounting to 25 million tons of metal could be recovered 
economically. 

If breeding were not taken advantage of, and only the uranium- 
235 burnt, then even if all of it were burnt, only 12 Q would be 
obtained from 25 million tons of metal. The situation resulting 
from the limited reserves of fossil fuel would not be materially 
altered, but only deferred for a while. If, however, breeding is 
made an integral part of the power programme, fuel resources 
are greatly increased. Economic limitations on fuel reprocessing 
may restrict the burn-up of fertile fuel to about one-third. This 
degree of utilization would, however, increase the available heat 
content of the uranium reserves to 575 Q — effectively increasing 
the total available fuel reserves by a factor of 22. Even then, the 
reserves are by no means unlimited on the long view, but they 
do cease to threaten a serious disturbance of present trends before 
other factors intervene. 


The Three Stages of Development 


Efficient utilization of world resources of fissile and fertile 
fuels falls naturally into three stages. In the first stage, when 
only natural uranium is available as fuel, reactors are inevitably 
large, moderated, and almost inevitably heterogeneous piles, 
Processing of spent fuel from the first stage yields plutonium 
and depleted uranium. The latter can be topped up with enriched 
uranium for use as fuel in the second stage, or used as fertile 
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material in a converter reactor or breeder. The plutonium can be 
used to convert thorium-232 into uranium-233, or otherwise. There 
are various possibilities in the second stage. The third stage envisages 
fast breeders burning plutonium and producing more of it from 
uranium-238 than they consume, thus generating power indirectly 
from fertile fuel without any overall consumption of fissile fuel. 
Thorium cannot be used in the first stage, may be introduced in 
the second, and could be incorporated as a major source of power 
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Fig. 11.4. Fuel cycles. 


in the third. Ultimately, reactors must fit into a flow-sheet which 
includes the production of fuel from its ores, a separation plant 
for uranium-235, and chemical processing plant. The implied fuel 
cycles are shown in Fig. 11.4, The natural sequence of develop- 
ment has, of course, hitherto been modified by the requirement of 
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providing plutonium for weapons, and by the rather experimental 
nature of the reactors so far built. 

In principle, power breeders alone could keep a fuel cycle 
working in the third stage, but flexibility and economic considera- 
tions seem likely to result in natural uranium piles and diffusion 
plants being retained throughout. Breeder reactors and converters 
serve the double purpose of power generation and the production 
of more fissile fuel. They do neither when shut down. This con- 
sideration combined with the high capital costs involved in reactor 
construction make it desirable to run third stage reactors con- 
tinuously. In general, nuclear power is most suitable for base load. 





CHAPTER 12 


Control of Radioactivity 


For each megawatt day of heat generated in a fission reactor, 
1-06 g of fissile fuel must be consumed in fission and 1-05 g of 
fission products are formed, the difference in mass representing 
that carried away by the fission neutrons, the mass equivalent of 
the energy released amounting to only 1 mg. Sincefission is inevitably 
accompanied by some loss by capture, the total fuel consumed is 
1-06 {1 + (o,/o,)} grammes per megawatt day, where a, is the cross- 
section for capture in the fuel atom and o, that for fission. o,/c, 
depends on the reactor; for a natural uranium pile it may be 
about 0-2. 

A large nuclear energy programme involves the disposal of a 
continuous output of radioactive ‘ash’. Industrial and other uses 
have been found for fission products, but there is no present 
prospect of more than a fraction of the output of radioactive mate- 
rial from the world’s nuclear power stations becoming a useful asset. 
The fission products present an embarrassing disposal problem. 

Radioactivity cannot be destroyed; a radioactive substance 
decays at its own natural rate, irrespective of anything we try 
to do to hasten the process (short of transmuting the radioactive 
nucleus to another one). Fission products must be prevented from 
doing harm until their natural decay has changed them into a 
mixture of stable elements. The danger that must be guarded 
against comes from the radiations emitted from radioactive nuclei 
during, or immediately following, disintegration, the individual 
nuclei remaining harmless until the end of their life. The radio- 
activity of a quantity of radioactive substance is measured, not 
by the number of radioactive nuclei it contains, but by the number 
of these nuclei which disintegrate in unit time. The shorter the 
half-life of an element the greater is the fraction of atoms that 
disintegrates per second, and the higher the activity per gramme. 
Radioactivity is measured in curies, a curie being defined as 
3-7 x 10'° disintegrations per sec. This number was chosen so 
that one gramme of radium has an activity of one curie (as 
accurately as was known when the choice was made), 
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The danger inherent in a curie of activity depends on whether 
the disintegrations are characterized by the emission of alpha 
particles which are easily absorbed — e.g. by a sheet of paper — 
or by beta particles which freely penetrate the skin; it depends 
also on the amount and quality of the gamma radiation which 
normally accompanies the emission of beta rays and which may 
require a considerable thickness of concrete to absorb it. We are 
concerned primarily with the direct hazard to mankind, but it 
must not be forgotten that there are other hazards as well; a 
photographic plate, for instance, is more sensitive to radiation than 
a human being, in the sense that there are circumstances in which 
a man can tolerate a dose of radiation that would spoil a photo- 
graphic plate. If during a war in which nuclear bombs were used 
the world became contaminated by fission products to an extent 
which just made photography impossible, there would be plenty 
of survivors to deplore the loss. 

One must be close to a source of alpha rays to be endangered 
by it. The skin will be damaged if an alpha emitter settles on it, 
and can be damaged by contaminated clothes. Much worse is the 
danger from alpha emitting substances which have been brought 
into intimate contact with tissue as a result of their ingestion in 
food and drink. Beta emitters are dangerous both externally and 
internally, particularly if it happens that the element in question 
becomes concentrated when in the body into a particular, and 
possibly vital, organ. Iodine is concentrated into the thyroid 
gland, though it conveniently happens that this gland is relatively 
insensitive to radiation. The gamma rays given off by beta emitters 
can irradiate the entire body from the outside as well as the 
inside. 

Over-exposure to radiation gives no warning symptom at the 
time; symptoms may develop after a few hours, or the damage 
remain latent for years, depending on the intensity and duration 
of the exposure, and the organ damaged. The most serious danger 
is, unfortunately, the most insidious, since it concerns the mech- 
anism of heredity, and requires several generations to take full 
effect. The potential damage, moreover, is almost certainly cumuUs 
lative, so that a low intensity of radiation, that would not be 
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apparent to the individual, even if long continued, may have 
serious consequences for his or her descendants. 

The immediate effect of ionizing radiation is confined to the 
tracks of the ionizing particles which have passed through the 
tissue. If a track intersects a chromosome in the nucleus of a cell, 
it can then happen that a single ionizing particle alters or destroys 
a gene, the biological unit that determines some hereditary feature, 
and the hereditary make-up is altered in some particular. If the 
cell is a germ cell, any individual to which it gives rise inherits 
this particular feature as the result of an accident, not by right 
from its parents, that is, if it succeeds in developing at all. A 
mutated gene is nearly always deleterious, so that the individual 
owning it carries some defect. At one extreme this may be an 
anatomical abnormality, at the other, perhaps poor resistance to 
disease. The change in a gene is, for practical considerations, 
irreversible, and as the dose of radiation accumulates during the 
reproductive life time of an individual, so does the sum total of 
genetic disability belonging to that individual, and also the 
probability of passing it on to the next generation. It is now also 
thought likely that the accumulated dose of radiation in body 
tissue may, by a somewhat similar process, increase the chance of 
malignant diseases developing later in life. The smaller the ac- 
cumulated dose, the less is the chance that any of these effects 
will occur; in the case of heredity, the smaller is the proportion 
of individuals affected through having received the radiation. 
When genetic effects do occur in an individual, then their severity 
and nature depend on the way in which the relevant gene was 
altered, not on the accumulated radiation dose. There is no 
threshold below which no effects arise; the question is not how 
badly people will be affected, but how many of them will be 
affected badly. If a sufficient number is affected, the future of 
the entire race is prejudiced. Most mutated genes are deleterious 
but occasional ones will confer advantage on the possessor. This 
advantage, however, will not become established in succeeding 
generations if there are too many deleterious genes about. The 
human race has evolved in the presence of cosmic radiation, 
slightly radioactive rocks and, what is more, having had faintly 
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radioactive potassium distributed within the body itself. These 
sources of radiation, though small, do have a significant effect on 
the frequency of mutation. Mutation can occur for chemical reasons 
as well. Most mutations are undesirable from the standpoint of the 
individual, but occasional mutation is desirable from the standpoint 
of the race, since in this way it is enabled to change. It is clear 
that the background ofradiationin which human beings have evolved 
is well tolerated, but geneticists agree that it would be unwise to 
allow this background to increase more than a few times. 

So far we have been speaking of very small intensities of radia- 
tion continued for as much as a lifetime. Turning now to larger 
intensities and shorter times, effects are much more serious when 
the whole body is involved than when only a part is exposed, 
though high intensities may cause localized damage such as 
radiation burns. Where moderate damage is localized recovery 
may occur, but this is not possible in all circumstances, and 
different parts of the body differ in their sensitivity to radiation. 
Mild general over-exposure to radiation provokes deleterious 
changes in the blood. These are not difficult to check, and can, 
in most cases, be used as a warning to stop the exposure going 
so far that the patient is unable to make a quick recovery when 
removed from all possibility of further exposure. 

Radioactivity cannot be destroyed. Decontamination of con- 
taminated objects only transfers the radioactive material from a 
relatively unsafe place to a relatively safe one. The consequences 
of failing to keep radioactive products away from human beings can 
be extremely serious, and there is no way of repairing some of the 
forms of damage that may be involved. To say, then, that the 
disposal of radioactive wastes must be effective is to lay down 
exceedingly stringent conditions. The amounts of fission products 
to be disposed of are very large, but the earth also is very large, 
and one might suppose that efficient dispersal over a large area 
would render the wastes arising from reactors harmless through 
great dilution. A rough calculation shows, however, that a long 
term solution to the problem cannot be found in so simple a way, 
because living things are extraordinarily sensitive to radiation. 
Let us look ahead to the year A.D. 2,000. 
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Assuming that 60 per cent of the energy demand is met by nuclear 
power stations, and that the rate of increase of the per capita 
demand for energy is 3 per cent per annum, Putnam’s extra- 
polation gives an installed reactor capacity of 9 x 10° thermal 
megawatts for the world in A.D. 2,000. The energy input into the 
world system would be 3:3 x 10° megawatt days in a year, 
requiring the fission of 3-5 x 10° g of fuel. A typical fission bomb 
is supposed to contain about 5 kg of fissile material, but only 
about one-fifth of this undergoes fission when the bomb is exploded. 
The amount of fission products arising from the hypothetical 
nuclear power system of A.D. 2,000 is therefore about the same 
as the amount of fission products that would be obtained by 
exploding 3,500,000 fission bombs a year — a very impressive 
figure. We see that the consequences of a uniform world-wide dis- 
persal of the fission products which would result from embarking 
now on a rapidly expanding nuclear power programme would not 
take so very long to become worse than the consequences of world 
contamination resulting from a major war fought with nuclear 
weapons. It is worth being more explicit about this comparison. 


Most of the radioactive contami- 
nation that follows a nuclear explosion comes from the fission 
products that are inevitably present.* In the case of a high air- 
burst the contamination due to the fission products rises into the 
upper atmosphere, and becomes very widely distributed before 
it reaches the earth’s surface. In the case of an explosion near the 
ground, material in the neighbourhood of the explosion is thrown 


ree” 
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up into the air; this also happens if the explosion is near to, or 
just under, the surface of the sea. The additional material mixes 
with the fission products and condenses with them to form radio- 
active dust which returns to the earth more quickly and is known 
as the (local) fall-out. 

For comparison with the fission product waste disposal problem, 
we must assume fission bombs exploded at widely separated places 
and high in the air so that their fission products are automatically 
given world-wide dispersal. Assuming that the fission products have 
all come down to the earth’s surface one month later, and that their 
radioactivity is fully effective after allowing for natural decay, 
it may be calculated * that the explosion of 43,000 bombs would 
produce a background radiation one month later that would be 
equal to the maximum at present permissible for radiation workers 
in controlled areas. We have, however, seen that the output from 
the hypothetical nuclear power system would have reached the 
equivalent of about 290,000 bombs a month by A.D. 2,000, so 
it follows that world-wide dispersal of fission products would 
merely have ensured that everybody was endangered by this 
method of waste disposal. It is true that the population would 
be extensivelyeshielded from the effects of-ratiation»by the fission 
products percolating imtoethe ground, and by not getting inside 
buildings; but against this is the consideration that a good.deal of 
radioactivity would inevitably be ingested. 

One can only conclude that the world-wide dispersal of fission 
products, adopted as a means of disposing of the radioactive 
‘ash’ from an expanding nuclear energy programme, could lead, 
about the end of the century, to a degree of contamination that 
would jeopardize the health of the entire population of the world, 
This refers to the incidence of radiation damage as it affects the 
individual. Looked at from the standpoint of the race, the situa- 
tion would be incomparably worse, since a level of background 
radiation much less than that which can be tolerated by the 
individual will, if allowed to act on the whole of a population, 
very seriously increase the number of sub-normal individuals born 


* The data used are taken from Nuclear Explosions, 1958,, Delhi; 
Government of India. publication. ; of” ’ ch 
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in subsequent generations. The maximum permitted radiation 
dose for the reproductive lifetime of the general population must, 
therefore, be set lower than the maximum permitted dose for the 
small proportion of that population working in controlled areas. The 
accepted value of the latter is of the order of 100 times the present 
natural background level. Geneticists fear, however, that if the 
natural background level were increased by more than a few 
times, serious hereditary consequences would ensue. It may be 
presumed that an increase of the order of 100 times would ul- 
timately be fatal to the human race. 

It is quite clear, that mere dispersal of the fission products 
from an expanding nuclear energy programme is an unacceptable 
solution of the disposal problem. It is equally clear that the 
methods actually adopted must be completely reliable, meticulously 
controlled, and their consequences fully foreseen. The problem 
requires detailed consideration, and the kind of solution envisaged 
depends on the actual nature of the fission products. 


The Law of Radioactive Decay 


Physical theory recognizes no difference between a radioactive 
nucleus that is about to disintegrate and another nucleus of the 
same kind that will not decay for a long time. Whether the 
nucleus decays or not is a question of chance; it is only after the 
event that we can know about the fate of individual nuclei. All 
that can be said of the nucleus before disintegration is that there 
is a certain chance that it will decay at each moment. The chance 
of disintegration in time 6¢ is jdt where A is the disintegration 
constant for that nuclide. Of N nuclei, AN6¢ will disintegrate (on 
the average) in time é¢, so that —dN = AN¢zi. Integration at once 
gives N = N,e~™, where N, is the number of nuclei at ¢ = 0. 
The number of nuclei and therefore the activity decays exponential- 
ly with time, assuming one kind of radioactive nuclide only to 
be involved. Theoretically, it requires infinite time for a source 
of activity to decay completely; in practice one must decide at 
what level of activity the remaining radioactivity may be treated 
as negligible. The half-life ¢,, or time required for half the number 
of nuclei to decay, is given by 4 = et, and is independent of the 
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number of nuclei initially present. We see that 4 = log, 2/A = 
= 0-693/A. 

If the nuclide that is decaying is also the parent of another 
radioactive nuclide, and the second nuclide possibly the parent of 
further radioactive species, the second and further nuclides will 
grow from the first at a rate depending on the disintegration 
constant of the first, and the number of such nuclei present. The 
number of nuclei of the second species will grow until the number 
disintegrating per second is equal to the number formed per second 
from disintegration of the first species. If, at this stage, the number 
of the first species present is diminishing at a significant rate, the 
number of the second species will then begin to decrease also. If, 
however, the half-life of the first species is very long compared with 
the second, the supply of the second may be regarded as constant, 
the disintegration of the second follows closely after the disintegra- 
tion of the first, and the two rates of decay rapidly become equal. 
We then have /,N,6t = A,N,6t, where the subscripts refer to the 
two species. The ratio of the number of nuclei of the two kinds 
present at any time after equilibrium is established is given by 
N,/N. = Ag/a,, iN which A, < As. 

There are over 200 radioactive nuclides among the products 
of fission, with half-lives varying from fractions of a second to a 
million years and more. The bulk decay of activity depends on a 
complex situation not amenable to mathematical analysis, but 
if the age of the fission products is between 10 sec and several 
weeks, the experimentally observed activity fits the approximate 
empirical formula 1-03 x 10-'6¢1? curies per fission, with ¢ in 
days. 


Radioactive ‘Ash’ 


The amount of fission products formed in a reactor depends on 
the total energy liberated as heat; the amount remaining when the 
reactor is shut down depends also on the duration of operation, 
fission products formed at different times having decayed to 
different extents. Other things being equal, the amount will be 
proportional to the power level at which the reactor was operated; 
the amount present when the reactor is still working will increase 
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as the duration of operation increases. The amount remaining at a 
time subsequent to shut-down, whether the fission products are 
removed from the reactor or the reactor merely left out of action, 
will depend also on the cooling time (in the radioactive sense). 
The amount can be calculated from the known rate of production 
of fission products, and the empirical decay law for them. Curves 
showing how this amount depends on the time of operation and 
the cooling time are given in Fig. 12.1. 
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Fig. 12.1. Total fission product activity in natural uranium fuel after 
reactor has been working for T, days, for different cooling times (in days). 


The short-lived fission products are highly active; fresh material 
is therefore extremely dangerous. It may be calculated that a 
worker who stood 10 yards from one gramme of fresh (one hour 
old) unshielded fission products would receive a lethal dose of 
radiation in one or two minutes. Fresh fission products can only 
be handled behind heavy shielding, and spent fuel must be safely 
contained when it is removed from the reactor. 
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Fission Product Disposal 


Fresh fission products generate enough heat by radioactive 
decay and absorption of the radiations emitted to become hot 
in the literal, as well as the radioactive, sense. Spent fuel is there- 
fore allowed to cool off in both senses for up to 100 days before 
being processed. During this time the shortest-lived fission products 
have disposed of themselves. 

An exception to this is when gaseous fission products escape 
from a faulty fuel element into the coolant. Such will be radio- 
active krypton and xenon, and iodine as vapour. If the coolant 
is air, some of the argon contained in it will have been rendered 
radioactive by neutron bombardment in the pile. Fission product 
gases are also liberated in the spent fuel chemical processing plant. 
None of these products has a long life; it is therefore safe to 
discharge them in limited amounts from a high chimney, provided 
that the weather is such that no temperature inversion exists 
that would bring them down to ground level before they have 
had time to decay. Radioactive dust in coolant air is a more serious 
hazard, and must be filtered out before discharging the gases. 

After cooling for 100 days, the radioactivity of the fission 
products is due to 12 or 13 species. These appear in the waste 
solutions from the fuel processing plant. Even after the cooling 
period these solutions generate enough internal heat to concentrate 
themselves by evaporation. In the evaporation of radioactive 
solutions it is of special importance that droplets of solution are 
not carried over to the condensate by entrainment. In addition 
to the concentrated, highly radioactive waste, large volumes of 
slightly active wastes arise from the processing, and the cooling 
water from reactors is always slightly radioactive due to the 
absorption of neutrons in impurities, particularly sodium. The 
disposal of the slightly active wastes is a much easier problem than 
that presented by the main component of the fission product 
activity. In the first place, temporary storage, or treatment with 
ion-exchange resins or active sludges, can be used greatly to 
reduce the activity, alternatively, much of it may be precipitated 
and filtered out. In the second place, it may be practicable to use 
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further dilution to reduce the activity to a value so low that it 
is safe to discharge the effluent into the sea, a river, or deep into 
the ground. In the case of the sea, and of rivers, the effect of some 
radioelements becoming concentrated in plant or animal life, 
finally appearing in fish that is eaten, must be considered. In the 
case of rivers, and of the ground, the possibility of contamination 
of water supplies must be watched. Maximum permissible con- 
centrations of radioisotopes in drinking water have been laid 
down by medical authorities, and are given in the Appendix. 

The oceans of the earth have a volume of 1-41 x 1074 cm’. 
The natural radiation background in sea-water and its natural 
contamination are due principally to potassium-40, of which 
the oceans contain 2-8 x 10" MeV curies. The average energy 
released in MeV per disintegration has been multiplied by the 
activity in curies to obtain a measure of radiation danger in MeV 
curies. These enormous figures suggest that dispersal of mixed 
fission products in the oceans, even though this could not be done 
uniformly, might render them harmless by dilution. Again, 
however, this is not an acceptable long-term solution of the 
problem. Putnam’s extrapolation for A.D. 2,000 gave a world 
consumption of fissile fuel of which 3-5 x 10° g undergoes 
fission a year. Suppose the resulting output of mixed fission 
products were allowed to accumulate at this rate indefinitely, 
assuming no further increase in world energy consumption. 
Owing to radioactive decay, the accumulation of radioactivity 
would reach a saturation value when the rate of formation of 
new radioactive material was balanced by the rate of decay of 
what had already accumulated. The most important radioactive 
species in the accumulation would be the long-lived strontium-90. 
At saturation value it may be calculated that the amount would 
be about 3 x 1014 MeV curies. Even if the fission products had 
been uniformly dispersed in the oceans, their natural activity 
would be at least doubled, and this is considered undesirable by 
biologists. 

The activity of old mixed fission products is largely due to 
strontium-90, of half-life 28 years, and caesium-137, of half-life 
27 years, and these two nuclides govern the slow rate of decay 
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of the old products. It is their presence which prohibits the 
dispersal of mixed fission products from a large nuclear energy 
programme in the oceans, and, moreover, they survive longer 
than the expected lifetime of tanks in which they might be stored. 
We therefore next inquire how far the problem is changed if the 
strontium and caesium are separated from the other fission 
products. This is particularly worth consideration because the 
beta activity of strontium-90 may find an industrial application 
as a source of low grade heat, and the gamma activity of caesilum- 
137 an application for industrial irradiation, thereby deferring the 
ultimate disposal of these radioisotopes until their amounts are 
greatly reduced. It turns out that the fission products from 
which strontium and caesium have been removed decay so much 
more rapidly that after 30 years, a period of time for which 
storage is quite practicable, and during which the strontium and 
caesium have only decayed to about a half, the residual fission 
products only retain 10-5 of the biological activity possessed by 
the original mixed fission products. It would then be practicable 
to disperse them safely in the sea. 

Although the component of the fission products not containing 
strontium-90 and caesium-137 may best be disposed of by relying 
on natural decay during temporary storage, followed by dilution 
and dispersal, the caesium and strontium must be dealt with quite 
differently. Unless dry processing methods are developed, the 
arisings of strontium and caesium will be in solution. At present, 
solutions of mixed fission products are being stored in stainless- 
steel tanks in waterproof concrete enclosures, awaiting an answer 
to the disposal problem, and the possible economic use of some of 
the products. For the answer to be applicable to the long-lived 
products they must be kept out of harm’s way for a thousand 
years or more, and storage in a growing number of tanks is hardly 
a satisfactory answer. A certain amount of active material, 
both solid and in solution, has been sealed in steel drums, coated 
with concrete, and dumped into the ocean beyond the continental 
shelf. It would at first sight seem that this method, though ex- 
pensive, should be reliable, but informed opinion is against it 
being adopted on a large scale, there being uncertainties about 
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the ultimate fate of the radioactivity. It should be mentioned 
that it is especially important not to contaminate the sea with 
radioactive strontium, this being particularly dangerous if 
ultimately ingested, owing to its becoming concentrated in bone. 
Other radioisotopes in the sea become concentrated in marine 
organisms, and may appear in unexpectedly high concentrations 
in sea-food. It is curious that the amount of radium in sea-water 
is only one-seventh of what would be expected from the decay 
of the uranium present: the radium has presumably been con- 
centrated somewhere as yet undetermined. 

The use of reactors to supply propulsive power for ships poses 
the question of what contamination would result from an accident 
in which the contents of the reactor escaped into the sea. For the 
particular case of a 60 MW reactor in which fission products have 
been accumulating for a long time,* uniform mixing of these 
products with the sea, ten days after shut-down, would con- 
taminate different volumes of water to the extent given in Table 
12.1. The maximum permissible concentration of mixed fission 
products in drinking water is 10-8 curies/em?. One might think 
that a much larger concentration would be permissible in sea- 
water since it is not drunk, but, allowing for the way in which 
radioisotopes can become concentrated in fish which may be 
eaten, this is questionable. As could have been foreseen from the 
previous discussion on the disposal of radioactive wastes in the 
sea, the release of fission products from a marine propulsion 
reactor would be very serious indeed. 








Table 12.1 
Contamination 
: Volume : 
Locality : in 10718 
? in 102° cm . 
curies/cm# 
Caribbean Sea 9-6 0-25 
Red Sea 0-215 11 
Baltic Sea 0-023 102 
Persian Gulf 0-006 392 
San Francisco Bay 0:000076 22,400 





* Fagram, RK, A. and Schneider, H, J, Nucleonics, Vol. 15, No, 6, p, 109 (1957), 
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Various proposals have been made about the final disposal 
of the long-lived fission products on land. 

(i) Putting them underground in remote regions such as the 
Antarctic, N.W. Canada, Greenland or Siberia. This involves very 
expensive transportation and is not necessarily satisfactory 
anyway. 

(ii) Discharging them into salt domes, or expended oil wells. 
The proposal requires further investigation. 

(ii) Fixation on clay. Effluent discharged into a suitable 
stratum diffuses slowly through it, and the radioactive cations are 
adsorbed on the clay by ion exchange and retained within a 
limited region. Rather strangely, it is thought safe to discharge 
fission products from which strontium and caesium have been 
separated into the lower layers of deep sandy water-bearing 
strata from the upper layers of which water is removed for 
general consumption. At depths greater than 1,500 ft there is no 
water flow, and there is sufficient ion exchange capacity to localize 
the radioactive material. For the shorter-lived products, diffusion 
is slow enough to prevent escape into the upper layers of the 
strata. 

(iv) Earth movements could vitiate the three methods so far 
described. A fourth method, which would appear to be com- 
pletely reliable, is to turn the fission products into a ceramic 
material of rock-like consistency, and capable of withstanding 
weathering, then burying it deep underground. A ceramic can be 
made by sintering fission products with a mixture of calcium, 
aluminium, boron and silicon oxides, with or without the addition 
of sodium oxide. At present the process is rather expensive, but 
a simple procedure has been proposed which may prove capable 
of achieving much the same result. It has been calculated that a 
suitably constituted plug of fission products and oxides, of not 
unmanageable size, if inserted into a clay stratum, would, after 
a while, attain a temperature in excess of 1,000°C owing to libera- 
tion of heat when surrounded by a poorly conducting medium. At 
this temperature the plug would sinter itself and become safe, 

Recapitulating what has been said, the best disposal practice 
in the light of present knowledge would combine the three principal 
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methods available: (i) natural decay; (ii) concentration and 
storage; (ili) dilution and dispersal. 

Spent fuel slugs would be allowed to cool for perhaps 100 days, 
and then processed, the volatile constituents being allowed to 
escape from high chimneys into the atmosphere. Strontium and 
caesium would be separated from the fission products and used 
for industrial purposes, after which they would be converted into 
ceramic form and buried. The other fission products would be 
stored for perhaps 30 years, stable rare metals of economic value 
extracted, and the remainder diluted and dispersed in the sea. The 
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Fig. 12.2. Proposed system for safe disposal of fission products. Dr. E. 
Glueckauf, A.E.R.E. (Private communication). 


recovery of stable xenon at an early stage might also be an 
economicproposition. The whole procedure is illustrated in Fig. 12.2. 
The precise routine required would depend on what fuel cycles 
were adopted; in particular, if plutonium is extensively recycled, 
the transuranic element americium will accumulate in sufficient 
quantity to become a major disposal problem. Americium-241 
has a half-life of 461 years, and is therefore quite active without 
being short-lived. 
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The operation of nuclear reactors gives rise to other disposal 
problems besides that of the fission products. Tools become 
radioactive, and parts of the reactor that have developed induced 
radioactivity may require replacement. So far, such items have 
generally been buried in site ‘graveyards’, but they could soon 
become a serious embarrassment. Finally, after 20 years or so 
reactors will become worn out, or may become unserviceable as 
the result of a major accident, such as that which occurred at 
Windscale. It is then necessary to seal them up for a long time, 
until their radioactivity has decayed. 

In designing a reactor, and its associated chemical plant, 
consideration should be given to anything that may simplify 
the disposal problem. Nothing, of course, can be done to alter 
the output of fission products but their disposal must be con- 
sidered when choosing a site for the reactor. 





CHAPTER 13 
Radiation Protection 


Radiation Dose Units 


The maximum permissible contamination levels to be observed 
in the formulation of a fission product disposal programme can 
conveniently be laid down in terms of curies per cm’, but the 
units in which a physicist naturally measures a radiation flux are 
not the most convenient ones when its effect on living tissue is in 
question, and new units have, therefore, been defined. One would 
like a unit which is closely correlated with biological damage 
irrespective of the nature of the radiation, and in terms of which 
radiation intensity is readily measured; unfortunately the need 
for units preceded a sufficient understanding of the problem, 
with the result that the subject is a little confused. 

Radiation causes no damage unless it is absorbed and the 
immediate effect of absorption is ionization, biological damage 
being an indirect effect of this ionization. In some circumstances 
biological damage is cumulative, and the ionization causing it is 
much the same per gramme of tissue as it would be per gramme 
of air. These considerations led to the definition of a unit depend- 
ing on the number of ions produced in air. This unit, applicable 
to X-rays and gamma rays only, is the roentgen, and the dose in 
roentgens gives a rough indication of the amount of the biological 
damage to be expected. 

The extent to which a piece of tissue has been irradiated is 
determined, in physical terms, by the intensity of the radiation 
in erg cm~ sec-1, specified for each wavelength present, and the 
time of irradiation. These factors are combined, for biological 
use, into the radiation dose in roentgens in such a way as to 
indicate, though only roughly, the total energy absorbed from the 
radiation in unit volume of tissue. The indication would be exact 
(in terms of some energy unit) if the tissue absorbed radiation 
in the same way as air, and if the energy required to produce a 
pair of ions in air were independent of the wavelength of the 





232 BASIC PRINCIPLES OF FISSION REACTORS 


radiation responsible. On the average the energy removed from 
an X-ray or gamma ray beam, corresponding to the production 
of one pair of ions, is found to be approximately independent 
of the wavelength, and equal to about 32:5 eV.* The energy 
absorbed in soft tissue is not very different from what would 
be absorbed if it were made of air compressed to the same density; 
the energy absorbed in bone is considerably greater. The radiation 
received by irradiated tissue in roentgens is defined in terms of a 
supposed replacement of 1 cm’ of tissue by dry air at s.t.p., 
and it is furthermore assumed that the replacement does not 
alter the radiation flux in the tissue. This causes no difficulty 
if the radiation is penetrating. It is also assumed that the limited 
volume of air is ionized as it would be if it were part of a much 
larger volume. The second assumption requires explanation. A 
gas is not ionized directly by the X or gamma radiation, but by 
secondary rays consisting of electrons ejected from the molecules 
of the gas by the primary radiation. These electrons are like 
beta rays, and travel considerable distances in the gas before 
coming to rest, creating ion pairs along their track. The ionization 
formed within a limited volume is partly due to electrons liberated 
within that volume, and partly to electrons that have entered it 
from outside. If the volume under consideration is surrounded 
by air, this does not lead to any complication because as many 
secondary rays enter the volume as leave it, but if it is sur- 
rounded by another material, a correction may have to be applied 
when thinking of roentgens. It is in the light of these considera- 
tions that the somewhat obscure official definition of the roentgen 
is to be understood. ‘The roentgen (r) is the quantity of X or 
gamma radiation such that the associated corpuscular emission per 
0-001293 gramme of air produces, in air, ions carrying 1 electrostatic 
unit of quantity of electricity of either sign (0-001293 gramme is the 
mass of 1 cm’ of dry atmospheric air at 0°C and 76 cm of mercury 
pressure).’ 

When alpha particles, protons or neutrons irradiate tissue, the 
extent of the damage is not what would be obtained by an 


* This was the accepted figure when the units we are discussing were 
defined. A more recent figure is 34 eV. 
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equivalent quantity of X or gamma radiation measured by the 
procedure appropriate to roentgens. Accepting the method 
of measurement, one therefore defines the relative biological 
effectiveness, or R.B.E., as 


Amount of 200 kV X-rays to produce effect of interest 





R.B.E. 





Amount of other radiation to produce same effect 


The R.B.E. is by definition unity for 200 kV X-rays. For cataract 
formation (in the eyes) by fast neutrons it is 10; for effects due 
to thermal neutrons it is generally between 3 and 4. 

The elementary (electronic) charge is 4:80 x 10-1° e.s.u., so 
one e.s.u. of charge corresponds to 1/4:80 x 1071!° pairs of ions. 
The roentgen therefore represents the absorption of 32-5/4-80 x 10-10 
eV per 0:001293 g of air. The electron volt is equal to 1:60 x 10-! 
erg, whence the roentgen represents the absorption of 83 erg/g 
of air.* The absorption of 83 erg/g of ézssue,* irrespective of the 
nature of the ionizing radiation, was originally defined as the rep 
(roentgen equivalent physical), but, since the absorption of 
83 erg/g of air * from soft gamma rays corresponds to the ab- 
sorption of 93 erg/g of soft tissue,* the rep is now used to denote 
the absorption of 93 erg/g of tissue.* 

The roentgen and rep normally refer to the circumambient 
flux of radiation in which the exposure occurs, and are measured 
with an instrument which replaces the exposed person or tissue. 
The dose in roentgens or reps then really refers to the surface next 
the source of radiation; on the far side the actual irradiation will 
be less than on the near side because of absorption. The rad is a 
unit of dose that refers specifically to the point of interest, and, 
irrespective of the material irradiated, corresponds to the ab- 
sorption of 100 erg/g of that material. 

The dose in rads combines with the relative biological effective- 
ness to give the dose in terms of yet another unit, the rem 
(roentgen equivalent man), according to the definition: 


“ The revision of the value of the energy required to produce a pair 
of ions, from 32:5 eV to 84 eV, requires the figure of 83 erg/g to become 
87, and 93 erg/g to become 97, 
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Dose in rems = R.B.E. x Dose in rads 


Biological effects depend on the dose in rems by definition; the 
difficulty in knowing what the effects will be is relegated to the 
determination of the R.B.E. Doses in rems are obviously additive 
for mixed radiations. 


Maximum Permissible Exposure 


As a result of clinical experience, and experiments on animals, 
medical authorities have laid down the maximum permissible 
exposure of the whole body for radiation workers who may be 
exposed for many years, as 5 rem/year. The equivalent dose in 
other units is given in the Appendix, Table IX, and the cor- 
responding radiation fluxes in Table X. If!only part of the body 
is exposed, or the exposure is for a limited time, the maximum 
permissible dose may be increased according to circumstances.* 


Unshielded Radiation Source 


Suppose we have a gamma ray source of strength A curies, 
emitting one gamma ray photon of energy E MeV per disintegra- 
tion. At a distance d feet, large compared with the size of the 
source, the gamma ray flux will be given by the inverse square 
law and the known number of disintegrations per second. The rate 
of absorption of energy in air depends on the absorption coefficient 
and the flux. Making use of this, the dose can be calculated 
in roentgens, and modifications can be made if the above simple 
assumptions are not fulfilled. If the calculation is made for the 
simple case, it is found that, for photon energies between 0-07 
and 2 MeV, the dose rate in roentgens/hour is approximately 
6A E/d*. The inverse square law, which applies to all electro- 
magnetic radiation in the absence of absorption, expresses the 
fact that a given number of photons leaving the point source 
become spread out over an ever increasing sphere as they travel 
through space, the area of which is proportional to the square of 
the radius. It is at once apparent that the inverse square law will 


* Recommendations of the International Commission on Radiological 
Protection, 1959. London; Pergamon Press. 
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also apply, under similar circumstances, to neutrons. The most 
reliable way of reducing exposure from a small source of radiation 
is to get a long way from it. 


Shielding 


If the source is large, it will probably be impracticable to get 
a long way from all of it, and if it is a reactor, impossibly large 
distances would be required to reduce the radiation level to the 
maximum permissible. To overcome this it is necessary, therefore, 
to rely on absorption in a shield, a typical reactor shield consisting 
of seven feet of concrete. The first reactor shields were chosen 
so that there would certainly be enough absorber to be adequate; 
it has now become of some importance not to have more than 
necessary, to keep the cost down. The design of an efficient shield 
involves a detailed knowledge of the radiations emitted, and 
their absorption in matter, not forgetting absorption in the 
source itself. 

Only neutrons and gamma rays can escape from a shielded 
reactor; other radiations are reduced to insignificance by far less 
absorber than is required to reduce the more penetrating radiations 
to an acceptable level. This, incidentally, may sometimes have to 
be set lower for the benefit of instruments than would be necessary 
for operating personnel. 

Gamma rays and fast neutrons arise from the fission process, 
and more gamma rays from the radioactive decay of the fission 
products. Furthermore, gamma and X-radiation of the type 
known as bremsstrahlung arises from the slowing down of the 
beta rays emitted during radioactive decay. The inelastic scattering 
of fast neutrons, and the capture of slow neutrons, leads to the 
formation of excited nuclei which return to their ground state 
by the emission of gamma rays, and some of the nuclei formed 
by capture are radioactive and therefore make a further con- 
tribution. This sequence is illustrated in Fig. 13.1. 

Neutrons which escape through the shield are those which have 
not been captured, and may be either slow or relatively fast. 
If, however, beryllium or deuterium happens to be present, further 
neutrons will be produced by the absorption of gamma rays in 
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these nuclides. The absorption of the gamma radiation is 
a complex process; three things can happen. The gamma 
photon can be scattered (Compton effect), imparting some of 
its energy to a recoil electron, and itself surviving as a photon 
of lower energy, or it can disappear by giving all its energy to a 
photoelectron. The recoil and photoelectrons then give rise to 
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Fig. 13.1. Passage of neutrons and photons (gamma rays and X-rays) 

through reactor shield. If deuterium or beryllium are present, photo-dis« 

integration will lead to the production of additional neutrons from gamma 
rays, 
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bremsstrahlung. The high energy gamma photons can also 
disappear by creating a positive and negative electron pair which 
acquires any excess energy left after the mass created has been 
accounted for. The reverse process, in which a positive electron 
(positron) and a negative electron suffer mutual annihilation to 
form gamma rays, follows later. Gamma rays become degraded 
by these processes, the photons losing energy and becoming more 
and more easily absorbed. Those that escape from the reactor 
core cover a wide range of wavelengths. The calculations required 
to allow for these processes are complex, and are carried out by 
approximate methods or by a computer. Experimental mock-ups 
are also used for the purpose; the so-called swimming-pool 
reactor, in which water serves as moderator, reflector, coolant 
and replaceable shield, was designed originally as an experimental 
shielding facility. 

In general, neutron cross-sections decrease with increasing 
energy, so the fastest neutrons are the most difficult to remove. 
Neutrons of 8 MeV energy or more, constituting about 0-01 per 
cent of the neutrons inside the reactor core, could, under certain 
circumstances, become the dominant component outside the 
shield; moreover, since their R.B.E. is high, they are specially 
dangerous. Very fast neutrons are best slowed down by elements 
of relatively high atomic weight, in which inelastic scattering 
plays an important part. Iron and barium are quite suitable for 
this purpose. After the initial slowing, hydrogen is the best element 
for further slowing down, through elastic scattering, as in a 
moderator. Hydrogen is inefficient at high energies because the 
cross-section for (elastic) scattering is low; heavier elements are 
only efficient at slowing down neutrons of energy exceeding the 
threshold for inelastic scattering, since they are poor moderators. 
Once the neutrons have been slowed down, capture follows almost 
inevitably, the cross-section being high. If it can be arranged 
that capture occurs in boron, this terminates the neutron shielding 
problem. If, however, as usually occurs, neutron capture leads 
to the subsequent emission of a gamma ray which may be penetrat- 
ing, then further shielding is required, This can be awkward, since 
these gamma rays arise mainly near the outside of the shield. 
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The absorption of gamma rays depends, to a first approximation, 
on the total mass of the absorber, irrespective of the elements of 
which it is composed. The design of shielding for primary gamma 
rays alone is not difficult, but when neutrons are present they 
give rise to the secondary gamma rays, and these severely com- 
plicate the problem, 

A relatively dense material of moderately high atomic weight, 
such as iron, is suitable for attenuating gamma rays, and for the 
first stage of slowing down neutrons. In a power reactor it is, 
therefore, usual to start with several inches of steel as an inner 
shield. The thickness can be chosen so that about 90 per cent 
of the energy of the radiation escaping from the core is ab- 
sorbed in about the first 10 per cent of the (total) shielding. By 
making this 10 per cent of steel, it can be allowed to get hot, or 
can, if desired, be cooled easily. It is called the thermal shield. 

The use of a thermal shield, which protects the outer, or biolog- 
ical, shield from damage due to heating, simplifies the design 
of the latter. Ordinary concrete, which contains quite a lot of 
hydrogen in the form of chemically bound water, is reasonably 
efficient for the biological shield if neutrons have been given an 
initial slowing by a thermal shield. Concrete is cheap and struc- 
turally convenient, and when it is not important to keep weight 
to a minimum is the material of choice. Special precautions, 
however, are required to guarantee uniform mixing, and to 
exclude the possibility of segregation during pouring. It is also 
important that the concrete should retain its water content 
indefinitely. In the absence of a thermal shield made of an element 
of relatively high atomic weight, or to supplement it, the biological 
shield may be made out of a concrete which incorporates a heavy 
element in its constitution. This may be barium in the form of 
baryta, or iron in the form of the mineral limonite, of composition 
2Fe,0,.3H,O. In order to capture slow neutrons without the 
emission of gamma rays, boron may be incorporated in the form 
of the mineral colemanite (2CaO . 3B,0,.H,O), but this is not 
usually considered worth while. Except in special cases, such 
as charge/discharge machines, where skilfully chosen materials 
are indicated in spite of difficulties or cost, it is usually preferred 
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to specify the cheap material that can be used simply, even though 
a good deal more of it will be required for adequate protection. 


Shielding of Mobile Reactors 


There is no need to quote figures to show that a natural 
uranium pile is too massive to be considered for marine propul- 
sion. Weight, and bulk, being important for mobile reactors, it 
may be concluded that these need to be designed with enriched, 
and possibly highly enriched, fuel, to keep the bulk and weight 
down. This choice having been made, it is then clearly feasible 
to accommodate a fully shielded reactor aboard ship, at any rate 
aboard a big ship capable of carrying a large deadweight. It has, 
in fact, been stated that the crew of the U.S. Navy’s nuclear 
submarine Nautilus is exposed to less radiation when submerged 
with the reactor working than when ashore away from the sub- 
marine. The natural background radiation when ashore is greater 
than the radiation escaping through the reactor shielding, and the 
natural background under the sea is small because of the ab- 
sorption of cosmic radiation by the water, and the absence of 
radiation from radioactive rocks. 

In a highly industrialized country the difficulties associated 
with the operation of reactors are probably best dealt within 
central power stations, and power for railway locomotives supplied 
electrically. Where long distances across sparsely inhabited 
country are involved, however, nuclear powered locomotives may 
be economic, and the Russians are reputed to be developing these 
for high-speed transcontinental journeys. For such use it is 
important to design the reactor shielding to be as efficient as 
possible, to save weight, even at the expense of utilizing un- 
common materials. 

Assuming that a large aircraft weighing about 100 tons would 
require a reactor rated at about 100 thermal MW to propel it at 
cruising speed, it has been estimated that the weight of a shield 
that completely surrounded the reactor would exceed the per- 
missible weight of the aircraft, even allowing for locating it at the 
greatest possible distance from the crew. If one tried to accom- 
modate such a shield by inereasing the size and power of the 
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aircraft, the requisite weight of shielding for a larger reactor 
would also increase. Nor could one do much about reducing the 
weight by permitting a somewhat increased maximum radiation 
dose rate for the crew on the principle that the exposure time 
could be limited. It is, however, possible to provide effective 
shielding for the crew, only, by a shield of manageable weight 
which is confined to stopping radiation leaving the reactor in the 
direction of the crew. It is then only necessary to provide partial 
shielding in other directions, assuming it to be possible to operate 
the aircraft in such a way that, when on the ground, or flying low, 
no person is exposed to excessive radiation leaving the aircraft 
in these directions. Since the exposure times are short when the 
aircraft is flying by, and the reactor can be shut down immediately 
after landing, much less shielding is required when it is divided 
in this way. 

Nuclear propulsion has been proposed for space rockets, the 
reactor being used to raise the rocket fuel to a high temperature, 
For a rocket to be useful, the majority of the weight of the fuelled 
rocket must be the fuel itself; there is only a fraction, and probably 
a small fraction, of the initial weight of the rocket available for 
the rocket machinery itself, thus to carry normal shielding for a 
rocket reactor seems out of the question. Nuclear space rockets 
would, therefore, have to be unmanned, unless we contemplate 
the unpromising idea of the rocket towing a cabin for its crew a 
long way behind it, relying mainly on the inverse square law for 
radiation protection. The cabin would, however, be in the direct 
line of fire from the open nozzle of the rocket motor, through 
which the escape of radiation is a maximum. The radiation flux 
close to a nuclear rocket reactor is so intense that even radiation 
damage to equipment is a serious difficulty to be reckoned with, 

There are only two known ways of reducing the intensity of a 
radiation flux, by going further from the source, and by absorption 
in matter. So much is now known about the interaction of the 
different forms of radiation with the naturally occurring chemical 
elements, that no room is left for anything but slight manoeuvre 
in the design of shielding; the requirement of a large mass of 
absorber is inescapable. 





CHAPTER 14 


Removal of Heat 


It is a characteristic of the fission reactor that even if it is 
only capable of becoming slightly supercritical, it can nevertheless 
be run up to any desired flux level that does not damage the 
reactor by overheating, provided that any decrease in reactivity 
brought about by increasing temperature can be made good. It 
follows that the maximum output of a power reactor is limited 
only by the rate at which heat can be removed from it. This must 
be sufficient to prevent the temperatures of the various parts 
from becoming excessive. The upper limit may be set by thermal 
stresses, by chemical or metallurgical instability, or, maybe, by 
the danger of melting the fuel or boiling the coolant. It is usually 
the hottest part of the core that matters most, and the danger of 
failure of a fuel element in this position that is the limiting factor 
on power level. The influence of these considerations on fuel 
element design has already been considered in Chapter 5. The 
operational limitation is on specific power at the hottest part of 
the reactor core. 

We have already seen that nuclear requirements place severe 
limitations on the design of the heat removal system. Only 
materials that have low absorption cross-sections can be used, 
and the amount of these may be strictly limited in the case of 
the natural uranium pile with little reactivity to spare, though 
greater freedom is to be had in designing fast and intermediate 
reactors, since absorption cross-sections are mostly lower for 
faster neutrons. It must be remembered, if water is the coolant, 
that it will play a part in moderating the neutrons. In general, 
the choice of a heat removal system will represent a compromise 
between conflicting thermal and nuclear considerations. 


Cooling of Experimental, Converter and Power Reactors 


Reactors fall into three types from the standpoint of heat 
removal, An experimental reactor which works at a very low 
power level presents no problems; it will cool itself by conduction 

241 





242 BASIC PRINCIPLES OF FISSION REACTORS 


from the core to the outside, and then by radiation and convection. 
The removal of heat from reactors which operate at a high 
power level is more difficult if the heat is to be converted into 
mechanical power than if it is to be rejected at once to a heat 
sink; in the latter case all that is required is efficient cooling. 
Converter reactors, and materials testing reactors, both requiring 
a high neutron flux but not making use of the accompanying 
heat production, are of this type. The temperature at which the 
heat is rejected is largely a matter of convenience. If, however, 
the heat is to be converted into mechanical work in a heat engine 
such as a turbine, then the working substance must receive heat 
at as high a temperature as possible, to obtain the best possible 


thermodynamic efficiency. This means that the coolant — 


must leave the reactor at the highest temperature that can 
be arranged. 

A power reactor is required to maintain its heat exchanger 
at a high temperature, and this implies not only a high temperature 
for the coolant leaving the reactor but also as high a temperature 
for the coolant leaving the heat exchanger as is compatible with 
transferring enough heat from the primary coolant circuit to the 
secondary circuit in the heat exchanger. A power reactor must 
therefore have a high inlet coolant temperature, and this con- 
sideration is ot subject to an overriding requirement of high 
heat release in the fuel. In a converter reactor, on the other hand, 
there is every reason to keep the reactor inlet coolant temperature 
low, favouring a high heat release. In practice it follows that a 
power reactor will run hotter than a converter reactor, for a given 
power level. The higher temperature in the power reactor calls 
for structural materials to withstand this temperature, and these 
will probably not have the lowest absorption coefficients for 
neutrons. For a converter, choosing structural materials of low 
absorption coefficient will make the neutron economy better, 
and the conversion ratio higher; the conversion ratio can be 
improved still further in the converter by making the core large, 
so reducing neutron loss by escape. In a power reactor which uses 
a pressurized coolant it is better to make the core compact, 
accepting the wastage of neutrons that this involves, 
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Heat Transfer 


The transfer of heat is analogous to the flow of electricity, 
temperature difference corresponding to potential difference. 
The heat flow Q through a rectangular block of thickness 6 with 
opposing faces of area A maintained at temperatures T, and T, 
is given by Q = kA(T, — T,)/b, where is the thermal conductiv- 
ity. The current J through a similar rectangular block, with 
opposing faces maintained at potentials V, and V4, is given by 
I = cA(V, — V)/b, where o is the electrical conductivity. The 
electrical resistance of the block is 6/Ao. We may call b/Ak the 
thermal resistance of the block, and say that the heat flow is 
equal to the temperature difference divided by the thermal 
resistance. This analogy with Ohm’s law can be extended to a 
thermal ‘circuit’ consisting of a number of thermal resistances 
in series or parallel, because heat flow, like electrical current, is 
constant round the circuit, except where it divides into components 
at a junction. The total temperature drop is therefore given, for a 
number of sections in series in a heat removal system, by adding 
the thermal resistances for the sections and multiplying by the 
heat flow. 

For a reactor heat removal system as a whole, we may write 
Qmax = HA;(Tmax — T,), where Q,,,, is the maximum rate at 
which heat could possibly be removed from the reactor, T.,,, the 
maximum permitted fuel temperature and T, the average coolant 
temperature as it leaves the reactor. A, is a representative surface 
area across which heat is removed from the system, and H is 
called the coefficient of heat transfer. We know also that the 
thermodynamic efficiency of a heat engine cannot exceed 
(T, — Tour)/T., T, now being thought of as the temperature at 
which the coolant brings heat to the engine, and T.,, the tem- 
perature at which it is rejected by the engine to the sink. From 
the first equation we see that increasing the coolant emergent 
temperature decreases the amount of heat that can be removed 
from the reactor, whereas from the second we see that increasing 
the coolant emergent temperature increases the efficiency of the 
heat engine, For maximum mechanical work to be obtained a 
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compromise is required, but this will be influenced by the pos- 
sibility of changing the other factors A, and H which enter into Qyax 
and by factors which govern the design of the rest of the system. 

The upper limit of Q,,,, comes from putting the fuel temperature 
everywhere equal to T,,,,,, Which is, of course, impossible to attain. 
Since neutrons will escape from any finite reactor, the neutron 
concentration must be higher at the centre of the core than at the 
edge. The neutron flux is what determines the heat generation, 
and, other things being equal, the fuel temperature, so T,,,, would 
be attained where the flux is highest, if each small region of the 
core were separately cooled. In practice, however, the coolant, 
when passing through the middle of the core where the flux is 
high, will usually have already been heated to some extent by 
having been used to cool another part of the core. The coolant 
will be hotter on its way out from the centre than on its way im 
to the centre. This makes for a difference between the flux distribu- 
tion in the core, and the fuel element temperature distribution. 

Let us consider the simple case of a rectangular pile without 
reflector, cooled by an array of straight tubes perpendicular to 
one face of the pile, through which coolant flows from one face 
of the pile to the opposite face. It is clear that the hottest point 
in the pile will be somewhere along the central tube, but not at 


the centre of this tube. On the assumption that the length of each 


coolant channel is large compared with the distance between 
them, we can take the flow of heat into each channel to be per- 
pendicular to the channel, and, as is justifiable for a first ap- 
proximation in heat transfer problems, proportional to the tems 
perature difference causing the heat flow. In this case it is the 
difference between the surface temperature of the fuel element 
T,, and the coolant fluid mixed-mean temperature 7,, that is 
concerned in the heat transfer by convection from the fuel element 
to the coolant fluid. The mixed-mean temperature is defined as 
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in which p, c,, v and T are the density, specific heat at constant 
pressure, velocity and temperature of the coolant, and the in- 
tegrals are taken over the surface S perpendicular to which the 
fluid is flowing, that is, a cross-section of the aperture of the 
coolant tube. The definition is arbitrary, so chosen because, in 
taking the mean temperature, each element of fluid is weighted 
according to the amount of heat it is carrying away. The definition 
proves to be appropriate to convective heat transfer because the 
experimental results can then be summarized by the simple 
expression g = hA,(T, — T,), in which g is the heat flow, A, 
the area across which the flow occurs, now in the surface of the 
tube, and / a coefficient of convective heat transfer, which, to a 
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Fig. 14.1. Surface fuel temperature distribution along coolant channel in 
rectangular reactor. 


first approximation, may be taken as constant. Reactor cooling 
systems which require a rapid rate of heat removal will normally 
work with a fast flow of coolant, that is, in the speed range of 
turbulent flow, and the coefficient of heat transfer will refer to 
these conditions. 


Coolant Temperature Distribution 


When steady conditions have become established, the tempera- 
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ture distribution is that exhibited in Fig. 14.1, as we shall now 
show. 

The rate at which heat is transferred to the coolant across an 
element of area p6z, where # is the perimeter of the tube, and # 
measured along its length, is equal to the rate at which heat is 
generated in that volume of the core from which heat is removed 
along the length 6z of the coolant channel in question. For @ 
rectangular reactor core of dimensions a, } and c, with N equally 
spaced channels parallel to c, the volume in question is abdz/N. 
In the case of a heterogeneous reactor, the volume will contain 
both moderator and fuel, and the neutron flux will vary con 
siderably within the volume, so a mean value for the heat produc= 
tion must be taken. In an equivalent homogeneous reactor, where 
the core contains g grammes of fissile fuel per cm*, the fuel havi 
a fission cross-section of o, cm? per nucleus, the rate of heat 
production was found on page 200 to be 8-3 x 10!o,gé watts/cm', 
which is 2-0 x 10'o, gf cal sec! cm~3. The heat flow into the length 
of coolant channel 6z is therefore 2-0 x 10!o, gfabdz/N cal/see, 
This must be equal to hpdz(T, — T,), so that 


2-0 x Sa 
hpN 


On page 174 we found that ? = ,,, cos (zz/c) if z is measur 
from the centre of the rectangular reactor core. It is more con« 
venient in the heat removal problem to measure z from the inlet 
face of the core, in which case the equation becomes 
b = max Sin (xz/c). This gives 


2-0 x 10%o,gab 
hpN max 


T, — T; is therefore a sine function of z. 

Let the cross-section of the coolant channel be A cm?, and let 
w grammes of coolant enter per sec, at a temperature 7). Consider 
the coolant as it flows through a length 6z of the coolant channel 
between z and z + éz, as a result of which its temperature rises 
from T, to T, + (dT,/dz)éz. The rate at which heat is carried 
away by the coolant from this length of coolant channel is t 
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difference between the heat content leaving and entering the 
section per sec, which is we,{T, + (dT,/dz)éz} — we,T, 
= we,(dT,/dz)éz. This must be equal to the convective heat 
transfer into the same section of coolant channel which is 
hpéz(T, — T,), or 2-0 x 10”o,gab¢,,.. {sin (az/c)}5z/N. We there- 
fore find that 


dT, 2:0 « 10!o,gabbmax . 12 
= n 








dz we,N mag 
Integrating, 
2:0 x 10%o,gab 
T;—T, = ia a! sin dz 
we,N c 


_ 2:0 X 10” 6, gabcbanas (1 cos) (14.2) 
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we, N 





The temperature rise of the coolant as it passes through the 
reactor core in the z direction is therefore proportional to 
1 — cos (z/c). 

The surface fuel temperature T, is given by 


say (re ens ER Sy nena (14.3) 


This is of the form «sin (wz/c) + B{1 — cos (zz/c)}, where « 
and fare the constants in equations (14.1) and (14.2), respectively. 
The effect of combining the two functions is shown in Fig. 14.1. 
The maximum surface fuel temperature is shifted from the centre 
of the core towards the outlet face of the reactor. The position at 
which it occurs is given by 
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The tangent is negative because the angle is between 2/2 and a. 
Substituting back from (14.4) into (14.3) it is found that the 
maximum value of T, is given by 


mz 
T, —T, =p (1 — sec™) 


2-0 x 101° b z 
= = $1846 CO max (: sec — (14.5) 
awe, N c 





in which z is to be given the value at which the maximum occurs, 
taken from (14.4). 

As calculated in Chapter 5, the maximum temperature T; 
inside the fuel element will be higher than at the surface, and 
T, — T, will be a sine function of z. T; — Ty is therefore obtained 
by adding two functions of the same form as for T, — To, but 
with a larger multiplying constant for the sine component. 

Since the maximum power level at which a reactor can be 
operated is usually limited by the temperature of the hottest 
part of the core, it is advantageous from the standpoint of power 
rating to arrange that the cooler parts of the core are no cooler 
than they need be. A flatter flux distribution than a sine function 
would be better in this respect. Reference to Fig. 9.4 shows that 
the distributions for spherical and cylindrical cores are not much 
different from that for the rectangular core; all are capable of 
considerable improvement. The ways in which flux flattening 
can be achieved are: 

(1) Wider spacing of the fuel elements at the middle than at 
the periphery of the core. 


(2) Selective loading with partly spent fuel elements near the- 


centre. 

(3) Selective loading with enriched fuel elements near the 
periphery. _ 

(4) Arranging that normal operation involves the presence of 
absorbing control rods at the middle. 

Practical features of design already involve a number of reasons 
why the flux distribution will depart considerably from the simple 
mathematical forms derived for cores of regular shape. Adjust+ 
ments intended to improve the distribution are therefore difficult 
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to calculate. In the case of Calder Hall, the adjustments were 
made by changing the loading pattern of the finished reactor, 
after checking the flux distribution experimentally. The initial 
loading pattern involved absorbing rods being so far inserted 
around the centre of the core as to make this part run too cool. 
The effect of revising the loading pattern is shown in Fig. 14.2, 
which gives the flux distribution as a function of radius in the 
cylindrical core, at different heights in the core. 

‘Trimming’ the reactor, in the manner just described, has as 
its object the raising of the maximum permissible power level, 
in thermal kilowatts. Calder Hall could not be brought up to its 
designed power level until this had been done. To obtain the 
maximum ¢électrical kilowatts a further consideration is involved: 
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Fig. 14.2. Radial flux distribution at different levels in Calder Hall 
reactor. (a) Before trimming. (b) After trimming. From Stretch, Proceed- 
ings of the Institution of Electrical Engineers, Vol. 105, Part A (1958). 
By courtesy of the Institution. 

the exit coolant temperature will be different in different coolant 
channels, unless the differences in heat production are com- 
pensated by different coolant flow rates, and mixing the coolant 
output from different channels will reduce the mean temperature 
below the maximum obtainable, and so reduce the thermo- 
dynamic efficiency of the turbines. Some compensation is, therefore, 
highly desirable. In the case of Calder Hall, this was arranged 
by restricting the gas flow in what otherwise had been the cooler 
channels, by ‘gagging’. The gagging pattern was altered at the 
same time as the loading pattern, so giving a temperature distribu- 
tion of improved form, This is shown in Fig, 14.3. 
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The attainment of effective heat removal from a reactor core 
which militates against a high temperature of the emergent 
coolant, desirable for thermodynamic reasons, can be helped by 
increasing the rate of coolant flow in so far as this is practicable. 
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Fig. 14.3. Radial temperature distribution in Calder Hall reactor. 
- - -- temperature of top fuel element temperature of emergent gas. 
(a) Before revision. (b) After revision. 
From Stretch, Proceedings of the Institution of Electrical Engineers, 
Vol. 105, Part A (1958). By courtesy of the Institution. 





The limiting factor here may be the increased pressure drop 
involved, or the power consumed by the circulators. In the case 
of Calder Hall, we have seen that pumping power is a significant 
fraction of station electrical output. 


Choice of Coolant 


In a rocket motor, cooling the reactor is more properly regarded 
as heating the propellant ‘fuel’; the absolute maximum tem- 
perature of propellant must be attained. Now, although the 
oceans of the world are not big enough for it to be safe to disperse 
fission products in them, interplanetary space certainly is. The 
designer of a nuclear space rocket does not have to worry if the 
ejected propellant is radioactive and contains fission products, 
It has, therefore, been proposed that such a rocket should be 
provided with a reactor core of porous material, through which 
the propellant substance is forced in order to raise its temperature 
to nearly that of the wclear fuel so that it would be ejected at 
maximum velocity through the rocket motor nozzle. 
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An open cycle coolant system using air has been considered 
for the propulsion of nuclear powered aircraft. Air from the intake 
is first compressed, then passed through the coolant channels 
in the reactor where it is heated, after which the hot air drives a 
gas turbine coupled to the compressor, and then escapes through 
a jet, so propelling the aircraft. 

As a rule, however, the coolant used in a reactor should not be 
allowed to enter the turbines, so that these can be kept free from 
radioactivity, and so capable of being serviced in the normal 
manner. This involves having a primary circuit to remove heat 
from the reactor, and a heat exchanger to transfer the heat to a 
secondary circuit in which the coolant is also the working sub- 
stance in the heat engine. In current practice the secondary circuit 
contains water which is boiled in the heat exchanger, and condensed 
again after passing through the turbines. The arrangement of two 
coolant circuits has the advantage of permitting the choice of 
reactor coolant, and of working substance, to be made in- 
dependently. 

Among possible primary coolants, the following appear to be 
the important ones. 


Atmospheric Atr 


The immediate availability of air everywhere, and the fact 
that it can be discharged (with precautions) into the atmosphere 
after passing through the reactor, has resulted in its frequent 
use for cooling experimental and converter reactors. Its low 
specific heat, however, makes it an inefficient coolant, so that it 
requires a lot of blower power. The Windscale accident, moreover, 
emphasizes the danger inherent in using a coolant in which both 
fissile fuel and graphite moderator can burn by oxidation. 


Compressed Carbon Dioxide 


Much safer than air, from the standpoint of chemical stability, 
is carbon dioxide. It is a reasonably efficient coolant if used under 
pressure so as to increase its specific heat, but even so requires 
powerful blowers to circulate it, It is used, of course, in a closed 
circuit, 
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Water or Heavy Water 


Ordinary water is suitable for the open circuit cooling of 
experimental and converter reactors, provided that it is purified 
before use, and stored for a while after use, to reduce the radio- 
activity at discharge to an acceptable level. Ordinary water is 
suitable for a closed circuit but it must be pressurized in a power 
reactor to prevent boiling, under which conditions it is highly 
corrosive. If heavy water is chosen for the moderator it may be 
used as the primary coolant as well. 


Liquid Sodium 


Liquid sodium has the advantage of being an extremely good 
coolant without requiring pressurizing. This helps greatly in the 
design of the heat removal system, particularly for fast reactors, 
but the sodium becomes radioactive. It also has to be heated to 
enable the circulation to be started. A special pump has been 
designed for liquid metals which has no moving parts, making 
direct use of one of the basic laws of electromagnetism. It is 
illustrated in Fig. 14.4. The liquid metal flows through a constric- 
tion between the pole pieces of an electromagnet, and a heavy 
direct current is passed through the circulating metal at right 
angles to the magnetic field, and across the direction of flow, 
from copper electrodes. The liquid metal is a conductor carrying 
a current in a magnetic field; a mechanical force is therefore 
established at right angles both to the current and to the field, 
that is, along the tube. Being liquid, the conductor is free to move 
in the direction of the force, which it does, and is at once replaced 
by more liquid, so maintaining the pumping action. 


In addition to these four coolants, nitrogen was tested in the 
French P-2 reactor at Saclay, but rejected in favour of carbon 
dioxide. Hydrogen would have great advantages: it only requires 
one-tenth of the blower power required to circulate an equivalent 
quantity of carbon dioxide, and, since it is a good moderator, 
loss of gas pressure decreases the reactivity of the core. In this 
sense it fails safe, but if the loss of gas pressure is due to a leak, 
then this unfortunately introduces an explosion hazard, Hydrogen 
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also diffuses through fuel cans and then reacts with the uranium 
inside; it furthermore affects structural steels adversely. Helium 
gas is theoretically almost ideal as a coolant, but, though con- 
sidered more than once, has so far not been used because it only 





Fig. 14.4. Electromagnetic pump for liquids. From A. H. Barnes, P/121, 
Peaceful Uses of Atomic Energy, 1956. 


occurs naturally to any extent in the U.S.A. and even there is 
expensive. It would be difficult to maintain a reactor cooling 
system sufficiently leak-free to guarantee that there would 
never be any serious loss. 


Boiling Water 


If radioactive contamination of turbines is accepted, then the 
heat exchanger can, in principle, be dispensed with, and steam 
generated within the reactor core. Experimental equipment of 
this type has been built in the U.S.A. 

The characteristics of heat transfer into boiling water are 
important, whether the boiling occurs in the reactor. or in a heat 
exchanger. Except when the fissile fuel is in solution, boiling 
occurs at a solid/liquid interface, for example at the inside surface 
of a water-tube in a heat exchanger. As the surface temperature 
is raised, different types of heat transfer occur, as shown in Fig. 14.5, 

(1) Before boiling occurs, heat transfer is by convection in a 
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single phase. The transfer is poor, and the heat is evident in the 
coolant as sensible heat. 

(2) When boiling commences, vapour bubbles appear on the 
surface at points where nuclei of some sort have encouraged 
steam formation. Under these conditions of nucleate boiling the 
transfer of heat is very efficient, and most of the heat is trans- 
ferred as latent heat. 

(3) When so many bubbles are formed that they have a marked 
tendency to coalesce, vapour films form over portions of the surface. 
To get across these films heat must be either conducted or radiated, 
and neither of these processes is very efficient under the con- 
ditions in question. In the region of partial film boiling, therefore, 
the heat transfer falls off. 
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Temperature of solid at solid/liquid interface —> 
Figure 14.5. Rate of heat transfer at solid/liquid interface. Both scales are 
logarithmic. 


(4) Ultimately film boiling covers the entire surface; heat 
transfer is then entirely by conduction and radiation. The heat 
transfer again increases with increasing temperature difference, 
The transfer does not normally attain as high a value as in the 
nucleate boiling region until the temperature is so high that 
there is a danger of the surface melting, and a ‘burn-out’ occurring. 

If attempts are made to obtain the maximum heat transfer 
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in the nucleate boiling region, a slight increase of heat generation 
may take the system over the hump, when it becomes unstable. 
The temperature rises, but the heat transfer falls, so the tem- 
perature rises still further and the process may not stop before 
burn-out. 


Subsidiary Cooling 


We have so far been thinking of the removal of fission heat 
arising in the fuel elements, which accounts for something like 
90 per cent of the whole. About half of the remainder arises in the 
moderator, and the other half in the reflector and shielding. The 
moderator is likely to be cooled adequately by the same system 
that cools the fuel elements, but some provision may be neces- 
sary for cooling the shielding, and the division of this into the 
thermal shield and the biological shield has already been mentioned. 

There is still considerable generation of heat just after a reactor 
has been shut down. The fission reaction no longer liberates heat, 
but the fission products continue to do so until they have decayed. 
Their radiations carry quite a lot of energy, and this is liberated 
where they are absorbed. A large fraction is carried by the gamma 
rays, and released in the shielding. An hour after shut-down, heat 
generation in the fuel elements is about 1 per cent of full power, 
but the generation in the shielding is approximately 10 per cent 
of the rate during operation. A reactor requires cooling for a 
considerable time after shut-down, and some form of emergency 
cooling is, therefore, required in case of failure of the primary 
system, since shutting down the reactor, though then necessary, 
may not be a sufficient precaution to save it from serious damage. 





CHAPTER 15 


Reactor with Varying Flux 


When the reproduction ratio of a reactor is precisely unity, the 
flux remains steady whatever its value; it is, however, in an 
extremely delicately balanced condition. If the reproduction ratio 
exceeds unity ever so slightly the flux will go on increasing in- 
definitely, whereas if it falls below unity the reactor will proceed 
to shut itself down. 

It is clear that very precise control of the reproduction ratio is 
required to enable a reactor to respond satisfactorily to changing 
requirements and conditions. In order to increase the power 
level, the procedure is to increase the reproduction ratio a little, 
wait until the higher power level has been reached, and then 
return the reproduction ratio to unity. This operation must be 
carried out with great caution: if done in too much of a hurry 
there is a danger that the reproduction ratio will exceed prompt- 
critical, in which event the reactor would be in an extremely 
dangerous condition. If the power level is to be lowered, the 
reproduction ratio is reduced to slightly below unity, and brought 
back when the new level has been reached. This also should be 
done cautiously, not because it is inherently dangerous but 
because if done hurriedly there is a likelihood of overshooting the 
mark, in which case the inherently dangerous procedure of in- 
creasing the flux will have to follow. If, however, the reactor 
is to be shut down, the reproduction ratio may be reduced to well 
below unity to ensure that there is no doubt about this having 
been effectively carried out. 

Extraneous factors, including changes in barometric pressure in 
the case of an air-cooled pile, are liable to disturb the value of the 
reproduction ratio; these require correction. When absorbing rods 
are used to control the reactor, some of them, the ‘regulating rods’, 
must be capable of continuous fine adjustment. During the course 
of operation of the reactor, fuel burn-up and the accumulation 
of fission product poisons slowly changes the reproduction ratio, 
Periodic correction using ‘shim’ rods is required. For an emergeney 
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or rapid shut-down, quick acting ‘safety’ rods must be provided 
to scram the reactor. 


Fission Product Poisoning 


There are two substances which accumulate in a reactor that 
have very large absorption cross-sections for thermal neutrons, 
and therefore lower the reactivity as a result of operation. They 
are xenon-135 and samarium-149. Some of the xenon isotope is 
to be found among the direct fission products, but this may be 
ignored by comparison with the much larger quantity formed by 
the decay of iodine-135 which in turn is formed by the decay of 
tellurium-135 which is produced in 6-4 per cent of the slow 
fissions of uranium-235. Xenon-135 is radioactive. The decay 
sequence is 

135Te cele issy OD 135Xe ecaar 135Cg ical 135Bq 


Samarium-149 is the stable end-product of another sequence: 
w9Nq —y 149Pm sical 149Sm 


The poisoning due to samarium-149 is much less than that due 
to xenon-135, so only the latter will be considered in detail. 

The parasitic absorption of thermal neutrons by xenon-135 
decreases the fraction of thermal neutrons that is absorbed in 
the fuel, that is, it decreases the thermal utilization factor which 
occurs in the four factor formula for the multiplication constant. 
Other effects are relatively unimportant, so the reproduction 
ratio will be changed in the same proportion. 

The reactivity p of a reactor, representing the extent to which 
it is off-critical, is defined in terms of the reproduction ratio 
Rett, as 

_ Fete = 1 


Rett 
Ry Rett —1 if Rete wl 
The poisoning P is defined as the ratio of the number of thermal 


neutrons absorbed in the poison to those absorbed in the fuel. 
Let the poisoning change the thermal utilization factor from / 
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to f’, and the reproduction ratio from Rey to k’ eg, and let the 
absorption coefficients (macroscopic cross-sections) of uranium 
fuel, moderator and poison, be w,, “,, and my, respectively. We 
then have, for the simple case of a homogeneous reactor, 


by 
[ee 
Hu + Lm 


7 Ly 
Hu + bm 1 by 





oh 


and 


We also have 
R’ err — Rett lek _ 
her =f” 
_ Ku + Lm + by 
Hu + bm 
ee. 
bu + Mm 
fey P 
Mu + bm 
The change in reactivity when a just critical reactor is poisoned 
is given by putting Rey = 1. Observing that this substitution 


makes the left-hand side equal to the reactivity of the poisoned 
reactor, we find this to be 





=1 


My P 
My + Mm 
= — Pf 


The decrease in reactivity due to the poisoning is Pf. 

After start-up, tellurium-135 begins to form, but decays rapidly 
to iodine-135 which has a much longer half-life, and therefore 
accumulates for some time, until the amount disintegrating per 
second is equal to the amount formed per second, after which the 
quantity present remains steady. The absorption cross-section of 








Po = 





REACTOR WITH VARYING FLUX 259 


iodine-135 is low, so not much is destroyed by the neutron flux. 
When the next product, xenon-135 has reached equilibrium, 
however, its rate of formation is balanced, not only by natural 
disintegration but also by disintegration brought about by neutrons. 
Since xenon-135 is formed (neglecting the small amount produced 
directly by fission) atom for atom indirectly from tellurium-135, 
and tellurium-135 is formed in a fraction of fissions which we will 
call y, the rate of formation of xenon-135, when equilibrium has 
been established, is y times the fission rate. If the thermal neutron 
flux is ¢, and the absorption coefficient for fission u,, the number 
of xenon-135 atoms formed per cm® per sec is yu,¢. If the equi- 
librium concentration of xenon-135 is X) atoms per cm3, the 
natural rate of decay is A,X, atoms per cm? per sec, where A, is 
the disintegration constant for xenon-135. If its microscopic 
absorption cross-section is o, cm? per nucleus, the rate of disinte- 
gration by neutrons is o, X)¢ atoms per cm? per sec. At equilibrium 
we therefore have 


Yigh == o,Xoo + A,Xo 


and since 
o,xX 
P= — 
Mu 
we obtain for the equilibrium value 
YOu Mh 








0 


which is a function of ¢ given in terms of experimentally deter- 
mined nuclear constants. Using accepted values of these, P, is 
exhibited as a function of ¢ in Fig. 15.1. 

Since the maximum value of the thermal utilization factor is 
unity, the decrease in reactivity cannot exceed the relevant 
value of P. If the neutron flux is 10" neutrons/cm?sec, Py is 
0-0070, nearly equal to the reactivity that makes a uranium-235 
reactor prompt-critical (p = 0-0075). Between 10! neutrons/ 
cm?sec and 10! neutrons/cm?sec the poisoning increases rapidly, 
but thereafter quickly attains a limiting value of 0-056. We may 
note that the 6 MW graphite experimental pile BEPO at Harwell 
operates at about 10" neutrons/em*sec, whereas the materials 
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testing reactor MTR at Arco, Idaho, runs up to 2 x 10! neu- 
trons/cm?sec. 
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Fig. 15.1. Equilibrium xenon poisoning during reactor operation. Note 
logarithmic scale. 


After shut-down, xenon-135 continues to form from the iodine- 
135 already accumulated, and the xenon-135 decays, but it is no 
longer destroyed by a neutron flux. At first, therefore, the con- 
centration of xenon-135 increases. Since, however, the stock of 
iodine-135 is not being replenished by fission, the concentration 
of xenon-135 reaches a maximum, thereafter decreasing with 
time. If the appropriate equations for this case of radioactive 
build-up and decay are solved, Fig. 15.2 is obtained. The poisoning 
can rise to very large values indeed after shut-down, many times 
what is experienced duving operation. The values may be so great 
as to make it impracticable to compensate for the poisoning by 
the withdrawal of control rods. The curves then indicate that, 
though a high flux reactor can be restarted after being shut down 
for less than an hour or so, if it is shut down for a few hours it 
will then be necessary to wait for perhaps a couple of days before 
the xenon-135 has decayed sufficiently to permit the reactor to 
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be made critica] again. This may be avoided if a partial shut- 
down is acceptable, since the xenon-135 will then continue to be 





Poisoning P = ——> 
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Fig. 15.2. Xenon poisoning after shut-down for different values of operat- 
ing flux in neutrons per cm? per sec. 


destroyed by the neutron flux, and even though the rate of 
destruction is not very large, it can nevertheless have a marked 
effect in limiting the xenon build-up. 


Excess Loading 


A reactivity of 0-0075 is sufficient just to bring a uranium 
reactor up to prompt-critical, and in the U.S.A. this reactivity is 
referred to as 100 cents, or one ‘dollar’. In general, the ‘dollar’ 
is the reactivity that just makes a reactor prompt-critical, and 
depends on the fuel. A reactor into which fuel was loaded until 
the reactivity reached 0-006 (the West Stands pile), say, would 
be both safe and controllable, but would make no provision for 
important changes that occur during operation if the reactor is 
to be run at power. 

Taking realistic figures for a natural uranium reactor, it might 
perhaps be necessary to cater for a rise in temperature of the 
core of 200°C, with a negative temperature coefficient of reactivity 
of 5 x 10°5/°C. To be just critical when hot, the reactor would 
require spare reactivity when cold, of amount 0:01, to be com- 
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pensated by the regulating control rod according to temperature. 

If the neutron flux is 10" neutrons/cm?sec, the equilibrium xenon 
poisoning during operation is 0-03, and this rises to 0-035 after 
shut-down. If f = 0-9, the additional reactivity required to enable 
the reactor to be restarted at any time is 0-032. 

In all, the reactor would require an initial built-in reactivity 
of 0-006 for operation, 0-01 to compensate for temperature 
changes, and 0-032 for poisoning, a total of 0-048. This is already 
nearly 7 ‘dollars’, without so far having made allowance for 
depletion of fuel, and the possible insertion of experimental 
equipment in the pile, and so on. A high flux reactor would require 
even more excess reactivity, for shut-down override of poisoning. 
In the case of natural uranium, not much allowance has to be 
made for depletion of fuel, because the burnt uranium-235 is 
mostly replaced by plutonium-239 converted from uranium-238, 
but in an enriched reactor a large allowance is called for. 

In practice, then, the excess loading required in a power reactor 
is very large; it may even amount to double the fuel required for 
initial criticality. This makes it easy, in principle, for the reactor 
to go prompt-critical, and puts a strain on the control system 
designer who must ensure that it cannot do so in practice. One way 
in which this can be mitigated, in an enriched reactor, is to build 
into the reactor absorbing rods containing an element which 
absorbs thermal neutrons strongly, but in doing so is transformed 
into another element which is only a weak absorber. The rate of 
disappearance of the absorber is proportional to the flux, and so 
is the rate of burn-up of the fuel. The two effects can therefore 
be made to compensate. Such rods are called poison shims. 

The necessity for compensating excess loading with additional 
absorbing rods has the unfortunate consequence that it wastes 
neutrons, and neutrons are valuable because they can be employed 
to convert fertile into fissile fuel. 


Reactor Dynamic Behaviour 


Although large changes in reactivity require compensating 
during the course of time, by changing the shim rods, safety 
considerations require that such changes be made gradually. 
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For the same reason, quicker changes in power level must be made 
by strictly limited changes in reactivity when moving the regulat- 
ing rods. The only rapid change that is permissible is the emergency 
shut-down using the safety rods. 

When asking how the flux changes with the time as a result 
of altering the controls, we need only consider the case of small 
reactivities, that is keg only slightly different from unity. We 
shall consider quantitatively a sudden change from criticality to 
a small positive or negative reactivity. The step change is relatively 
simple to deal with mathematically; the ramp change, in which 
the reactivity changes linearly with time, is more important to 
the reactor designer, but is best dealt with using a reactor simulator. 

In practice the change in reactivity is most usually brought 
about by moving a control rod which is an absorber, reflector, 
or possibly made of fuel. The result of this movement is to alter 
the geometry of the reactor, and therefore the flux distribution. 
The complication that this introduces into the. mathematics is 
most difficult to deal with; we shall therefore consider a simpler 
situation, in the reasonable expectation that our general con- 
clusions will have a wider application, even though they may be 
numerically inexact. We, therefore, concentrate attention on the 
case of a bare homogeneous reactor, initially just critical, in 
which the concentration of fuel is suddenly changed by a small 
amount at time ¢ = 0. If the concentration is changed uniformly 
everywhere, the multiplication constant will be changed by the 
same amount in each element of volume of the core. When the 
reactor was critical, the neutrons disappearing from any element 
of volume in an interval of time were exactly replaced by fresh 
neutrons from fission. In the changed circumstances the fresh 
neutrons will be either slightly too many, or slightly too few. But 
since the fresh neutrons are produced in numbers proportional to 
the flux, the same proportional excess, or deficit, will appear 
everywhere, assuming the core is large compared with the slowing 
down length. The result is that the original flux will have added 
to it, or subtracted from it, further flux of an amount proportional 
to the flux already present, The magnitude of the flux is altered, 
but the distribution unchanged, If the multiplication constant 
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were returned to its initial value, the new flux would still be 
stable, because it is of the form appropriate to a critical reactor, 
in which the flux can remain steady whatever its value. If, 
however, the multiplication constant is left at its changed value, 
then the superfluity or deficit of neutrons can continue to ac- 
cumulate where it arises without there being any reason why 
the flux distribution should alter. We conclude that the flux 
changes everywhere in the same proportion. We can therefore 
write ¢ = ¢, F(t), where ¢y is the flux at time ¢ = 0, and F isa 
function that is independent of position in the reactor core. 


Effective Reproduction Ratio 


A reactor is critical when the geometrical buckling B? is equal 
to the materials buckling (k,, — 1)/M?, k,, being the multiplica- 
tion constant for an infinite medium similar to the reactor core, 
and M the migration length. Calling the value of the multiplica- 
tion constant which leads to criticality ’,,,, so as to permit k,, to as- 
sume other values, the condition may be written ,,,/(1 + 2B?) =1. 
By definition, for every 7 neutrons in the first generation, there 
are k,,n in the second, but some will escape from the reactor. 
The number that remains is k,,” times the non-leakage probability. 
If the reactor is critical, k,, times the non-leakage probability 
must be unity. The non-leakage probability is therefore 
1/(1 + M?B?). The migration lenght will not depend very much 
on k,, if this is not very different from k,,,, so this formula for 
the non-leakage probability may be used when considering reactors 
just off-critical. 

The effective reproduction ratio is equal to the infinite 
multiplication constant times the non-leakage probability; 
Rett = Fool (L + M2B?). 

For the reactivity we find 





p= Rett Seid 
Rett 
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Reactor above Prompt-Critical 


The rate of increase of flux in a reactor that is above prompt- 
critical is so great that the delayed neutrons do not appear until 
after the flux has risen to an excessive level, or the reactor brought 
under control by reducing the reactivity until it is again below 
prompt-critical. In considering the flux change above prompt- 
critical, therefore, we may ignore the delayed neutrons and use 
the reactor equation derived on page 172, which implies that 
emission of neutrons in the fission process is instantaneous, the 
the slowing down time may be neglected, and also that the 
absorption process is instantaneous or at any rate much faster 
than the diffusion process, the latter being the only factor limiting 
the rate at which the flux increases. This is true if all the neutrons 
are prompt. 

If a fraction # of fission neutrons is delayed, then 1 — f is 
prompt, and an overall multiplication factor k,,is to be regarded 
as a prompt multiplication factor of k,,(1 — 8) when a reactor is 
above prompt-critical. 

Making this modification in the time dependent reactor equa- 
tion (9.4), we have 


1 06 — ko(1 — B) 


at 
2 
ute re $+ V% (15.1) 





in which v is the speed of the neutrons, and « the absorption 
coefficient or macroscopic cross-section for absorption. In one 
second a neutron travels a distance v, and the probability of its 
being absorbed, or the number of collisions leading to absorption 
it could make in that time is wv. Its average lifetime is, there- 
fore, 1 = 1/uv. Making this substitution in equation (15.1), we 
have 

L 0d k(t — B) —1 ; ; 

ina ve ¢ + V4 (15.2) 
We have seen that 4 = ¢o/*(t), where 4) is a function of the 
space coordinates only, and the time variation isthe same throughout 
the reactor, We may, therefore, write (15,2) in the form 





























266 BASIC PRINCIPLES OF FISSION REACTORS 














1 oF k (1 — 8) — 
fie Hole 2) = * pole, 9, 2)F() + FOV Molt gy 
or 

Lol OF) ko(L—f) —-1 | Volz, y, 2) 

M? F(t) at We 7. ea a) (15.3) 


the variables being separable. 

We have also seen that (2, y, z) is the distribution appropriate 
to a critical reactor, for which V2¢9(x, y, z) + Bido(x, y, z) = 0. 
This gives 

L 1 oOF(t) k,(l—p)-1 


= B 15.4 
M? F(t) at M? e (15.99 





If p’ is the reactivity above prompt-critical, then 
fego(1 — 6) — M*Bt — 1 
k(1 = B) 
Ll oF (t) 
— —— = pk, (1 — 15.5 
FO aw 7 Pol 8) (15.5) 


Now p’ is fairly small, and both &,, and 1 — £ not very different 
from unity. Approximately, therefore, (15.5) may be written 


, 





and 


OF (t) _ p" 
——= Fit 
ot L () 
so that 
F(t) = ete /ht 
since (0) = 1. We have, finally 
$ = goer 9! (15.6) 


Equation (15.6) shows that, when a reactor that is just critical 
is suddenly taken above prompt-critical, and kept a given amount 
supercritical, the flux increases exponentially with time. In a 
time T = //p' the flux increases e times. This time is called the 
e-folding time, or reactor period. If p’ is sufficiently small, the 
reactor period can be quite large, but since / is the lifetime of a 
neutron, and is very short, it does not require much reactivity 
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above prompt-critical to give rise to a short reactor period. We 
reached essentially the same conclusion by a simpler though less 
rigorous argument on page 28. A reactor period of a tenth of a 
second is probably the shortest that could be contended with by 
mechanical controls, and / is about 10-3 sec for a thermal reactor. 
This means that the greatest reactivity above prompt-critical 
that could be contemplated, is 0-01. Even this would have to be 
treated as an emergency. The neutron lifetime in a fast reactor 
is much less than in a thermal reactor, and so the fast reactor 
is still more dangerous above prompt-critical. 


Effect of Delayed Neutrons 


Both fast and thermal reactors are much less lively when 
between delayed-critical and prompt-critical, because of the 
effect of delayed neutrons. This introduces a source term into the 
reactor equation which is dependent on the flux at a previous 
time. It comes about, as we have seen on page 76, because the 
delayed neutrons are emitted immediately following the radio- 
active disintegration of a fission product, known as the precursor, 
and, therefore, appear at a rate determined by the decay of the 
precursor. If there are N(t) atoms of the precursor per cm’ at 
time ¢, and its disintegration constant is 4, the number of delayed 
neutrons appearing per sec is AN(¢). There are, in fact, several 
precursors, formed in different amounts among the fission pro- 
ducts, and they are listed in Table 4.5. Together, they are formed 
in a fraction # of fissions, which for uranium-235 is 0-0073, or 
0-0075 if we include unimportant groups not listed in the table. 
We shall simplify the mathematical problem of investigating 
their effect on the behaviour of an off-critical reactor by assuming 
that the broad outlines can be calculated by taking one precursor 
with an average value for its disintegration constant. The weighted 
average for uranium-235 is 0-08 secu}. 

Reference to Table 4.5 shows that the delayed neutrons are 
not emitted with sufficient energy to cause fast fission, but are 
far from being thermal neutrons. If their resonance escape prob- 
ability is p’, the number that reaches thermal energies is reduced 
from AN (t) to Ap'N (t), This is the source term for delayed neutrons 
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that must be introduced into the reactor equation which refers to 
thermal neutrons. The prompt neutron source term must be 
multiplied by 1 — f. The reactor equation (before making sub- 
stitutions) was found on page 172, equation (9.2), to be 


on 
Pie (Ro — 1)uvn + DV?2n 

in which is the concentration of neutrons and D the diffusion 
coefficient, there being no distinction made between prompt and 
delayed neutrons in equation (9.2). The source term is k, wun. 
We now divide this into two parts, k,,(1 — B)uvn for prompt 
neutrons, and Ap’N(¢) for delayed neutrons. This gives 


= {k(1 — B) —luon + 2p'N(t) + DV» (15.7) 


We proceed as before, introducing the flux ¢ = nv, substituting 
30/,, for D, using L? = 4,,/3u and replacing L? by M?, so obtaining 
the revised reactor equation in a more familiar form: 


1 a (1 — B) Ap' 
uoM? ot M2 uM? 








~$+—~_ Nw +v% (16.8) 
This is equation (15.1) that we used for the prompt-critical 
condition, but with an additional term in N(2). 

We proceed as we did before, putting / = 1/uv, making use 
of the fact that the variables are separable, and that V2¢é + Bed = 0. 
Introducing p, the reactivity (above delayed-critical), we then 
obtain 


pais ea Ne) (15.9) 


ae u 





This equation contains two independent variables, ¢ and N. 
We obtain a further equation in these variables by considering 
the rate at which N changes. The precursor is formed at a rate 
proportional to the flux, and disappears by spontaneous decay, 
In fact, we have ud neutrons absorbed per cubic centimetre per 
second, unfd neutrons emitted as a result of the absorption, and 
unbfd of these neutrons delayed. Since each disintegration of a 
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precursor nucleus gives rise to one delayed neutron, this is also 
the number of precursor atoms formed per cubic centimetre per 
second. Therefore 


oN 
Sp a HenB fb — BN 


Recalling the four factor formula k,, = epfn, and putting e = 1, 
since we are considering a homogeneous reactor, our second 
equation becomes 
ON _ haoB 
aC 
and we now have two simultaneous equations for ¢ and N. These 
equations (15.9) and (15.10) have the form 


og 





¢—AN (15.10) 


hee a, + ON 
and 

oN 

Ot => agp -+ b,N 


in which the constants are 


hole —B) ep —B 





ay= 


l y 

ko wB up 

a, = 

p p 
yt , 
1, =28 
pl 

and 

b, = —A 


We have put k,, ~ 1, since we are concerned with reactors not 
far off critical. 

To solve the simultaneous differential equations we multiply 
the second by an arbitrary constant A, and add to the first, so 
obtaining 


GB AN) = (ty + Ady) + Oy + Aba) 
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We then put ¢ + AN =z, and choose A so that 
by + Ab, = A(a, + Aa) 
This gives 
dz 
ym a + Aaa)e 
the solution of which is 


z= Celtit 4aq)t 


in which C is a constant of integration. 

The equation by which we defined A is a quadratic, and is 
therefore satisfied by two values of A which we call A, and Ay; 
in our case both values are real. We thus have 


d + A,N a Celt Aiadt 
and 
db + A,N = Cae'at4aalt 


in which the constants of integration C, and C, are to be determined 
from the initial conditions. If 6 = ¢) and N = N, at t = t, we 
have C, = ¢?) + A,Ny and C, = $y + A,Ny. This gives 


$(Ag—A,) = Ag(by + Applet * — Ay (bg + AgN pet 2%0F, 
and 
N (dy — Ay) = (Ho + AiNo)e*29" — (fy + AgNg)err" 


which are the formal solutions of the differential equations. We 
are particularly interested in the flux. Referring to the definition 
of A, we see that 


a, A? + (a, — b,)A —b, =0 
whence 


1 
A= os [b, — a, + {(b, — a)? + 4a,b,}*] 
2 


and also from (15.10), applied to the initial steady state, 


— ko MB up 
hei pa Po ~ pa 





Po 
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Substitution of these expressions in the formula for ¢ leads 
to a very complicated result when the values of aj, a, b,, and b, 
are inserted, but this can be greatly simplified by allowing for the 
relative order of magnitude of the quantities occurring in it. 

We know that the average lifetime of a neutron in a thermal 
reactor is about a thousandth of a second, and the average delay 
in the emission of the delayed neutrons about a tenth of a second. 
We therefore anticipate that a sudden change of reactivity will 
lead to two effects due respectively to prompt and delayed 
neutrons, and that the former will come about very much more 
quickly than the latter. Observing that the expression for } 
consists of the sum of two exponentials, we are led to suspect 
that one exponent is much greater than the other. The exponents 
are the two values of (a, + Aa.)¢, and these can be written as 


1 

lp BME {lp — B — Way? + Apia} 

The expression with the positive sign will be much greater than 
that with the negative sign, and the two values will simplify to 


1 
j (eB uy 
and 
pat 
B—pt+h 
provided that (8 — p + JA)? > 4la\p|. 

Since B = 0:0075, 1 ~ 10-8 sec, A = 0-08 sec? and therefore 
1A = 0:00008, we see that the condition holds (for a thermal 
reactor) provided that, if positive, p is not too large, the require- 
ment being that the reactor is well below prompt-critical. 

Since we may neglect /A in comparison with £, the two exponents 
simplify further to 


(p — B)t 


~~ e 


and 
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The factors multiplying the exponentials also simplify greatly. 
We thus obtain finally 
BO ay pr te | 
= ef-p 1 
$ = db F= fae (15.11) 
As was foreseen, the second term, which (for p positive) rep- 
resents an ultimate increase in flux of p9/(8 — p), and becomes 
well established in a time equal to several times //(8 — p), is 
a transient effect associated with quick acting prompt neutrons, 
When the initial prompt rise has occurred, there is left the first 
term in the equation. This represents an exponential rise in flux 
with an e-folding time of (8 — p)/Ap. The rise is associated with 
the relatively slow acting delayed neutrons. We see that the 
reactor quickly settles down to a rising flux condition given by the 
first term. (8 — p)/Ap is, therefore, called the stable reactor 
period. Similar conclusions follow for negative reactivities. 





Flux ——> 





0 | 2 3 4 5 6 7 8 9 10 
Time in sec after step change ing ——> 


Fig. 15.3. Effect of a step change in reactivity on an initially steady 
reactor flux. 

The effect of a step change of 0-002 in reactivity is shown for a 

natural uranium pile in Fig. 15.3. The neutron lifetime is taken 
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as 10-3 sec. It will be observed that, if p is comparable with 8, 
the stable reactor period is larger for negative reactivity changes 
than for positive, so that the reactor is extra sluggish on shut-down. 

The equation we have developed for the reactor with varying 
flux does not hold for large changes in reactivity, and is already 
inaccurate for the calculations shown in Fig. 15.3. It will, however, 
be applicable to the normal use of regulating rods, though not 
when safety rods are used for shut-down. It is found, as might 
be expected, that the stable reactor period for a shut-down 
reactor is equal to the half-life of the precursor of longest life 
(which is 80 sec), since ultimately the decrease in flux must 
await the decay of this precursor. Strictly, this conclusion refers 
to reactors with the moderator of carbon. If the moderator is heavy 
water, or beryllium, fission gamma rays liberate photo-neutrons 
from the deuterium or beryllium, and these reduce the rate of 
decrease of flux still further. 

If the reactor core is fluid and the fluid is circulated, some of 
the delayed neutrons will be liberated outside the core. In this 
case the delayed neutrons have less effect in slowing down reactor 
response. In the case of the H.R.E. and similar reactors this 
does not matter because the high negative temperature coefficient 
provides the necessary stability. 


Reactor Simulators 


The equation we have used for the reactor with varying flux 
simplifies the effect of delayed neutrons by allowing for only one 
group with an average half-life for the precursor. The more 
complicated equations which allow for several different half-lives 
can be handled mathematically, but a more convenient way is 
to solve them with an analogue computer. A resistance/capacitance 
delay network is combined with an amplifier in such a way that 
its components are analogous with the terms in the reactor equa- 
tion, and the amplifier output voltage corresponds with the reactor 
flux. The time scale is chosen to be the same as for the reactor 
itself. A ‘real’ time analogue computer is known as a simulator, 
because it can be used as a substitute for the reactor itself if 
suitably coupled up, for example when testing actual components 
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intended to control the reactor. It is, however, only as good a 
substitute as the equations with which it is analogous, and these 
will only be approximations to the truth. The precise behaviour 
of a reactor with varying flux can still only be determined from 
the reactor itself. 


Behaviour in Different Circumstances 


With a reactor running at power, fission neutrons from neutron 
absorption are so overwhelmingly important that those arising 
from spontaneous fission and cosmic rays can be neglected; so also 
can any that are introduced by an artificial source. This is not so 
if the neutron flux is low, for example, when starting up a reactor. 

If there were no spontaneous fission, and the reactor were 
completely shielded from cosmic radiation, so that initially there 
was not even one free neutron in the core, it would be impossible 
to start the reactor by increasing the reproduction ratio: even if 
the reactor were supercritical the chain-reaction could not get 
under way. If, however, it were just critical, and a population 
of neutrons somehow introduced, the neutron density would 
remain at exactly the same value indefinitely. If the reproduc- 
tion ratio were less than unity the neutron population would 
disappear completely; if greater than unity, the neutrons would 
multiply without theoretical limit. 

The few stray neutrons coming from natural sources that are 
always present in a reactor at start-up play an important part 
during the early stages of start-up when the flux is low. As the 
reactor approaches criticality the small neutron population is 
multiplied in amount. The multiplication is only a little at first, 
but when criticality is reached the neutrons can accumulate 
indefinitely, though slowly, because neutrons are always replaced 
when lost, and new ones appear in the reactor core from spon- 
taneous fission and cosmic rays. Above delayed-criticality the 
neutrons already present multiply indefinitely; above prompt- 
criticality the increase is very rapid. 

Similar conclusions hold if an artificial source is used, but there 
is an important quantitative difference. The build-up of neutrons 
has a much bigger start, so less multiplication is required to reach 
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a significant flux, and it happens more quickly. This can be a great 
convenience when starting a reactor, because less time is wasted 
getting beyond the region in which the flux is so small it is dif- 
ficult to measure. An artificial source is virtually a necessity for 
starting up a highly enriched reactor, but in a natural uranium 
pile there is sufficient uranium-238 present for spontaneous 
fission to provide the necessary supply of neutrons. Spontaneous 
fission is uranium-235 is about 20 times less than in uranium-238; 
an artificial source is necessary to start the explosion of a fission 
bomb at the right moment during assembly. 

The fast reactor differs from the thermal reactor in that the 
neutron lifetime is at least three orders of magnitude less. This 
makes but little difference in the region just above delayed 
criticality, because then the determining factor is the lifetime 
of the delayed neutron precursors, but the e-folding time above 
prompt-critical is proportional to the neutron lifetime, so in this 
region things happen proportionally faster in the fast reactor. 
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Fig. 15.4. Stable reactor period for ZEPHYR. From J. E. R. Holmes et al., 
Journal of Nuclear Energy, Vol. 1, p. 51, (1954). By courtesy of the Journal. 


Moreover, the influence of the shorter lifetime is felt progressively 
as the reactor is taken up from delayed-critical to prompt-critical. 
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A fast reactor, though no more difficult to control than a thermal 
reactor if the reactivity is kept low, becomes much more difficult 
as the reactivity rises. If it is allowed to rise to an extent which 
would still be permissible in a thermal reactor, the fast reactor 
may become uncontrollable. 

The observed rate of rise of flux in the fast reactor ZEPHYR 
is shown in Fig. 15.4. The difference between the curves for 
growth of flux (p +ve) and decay of flux (p —ve), is in part 
accounted for by equation (15.11), as we have already seen, 
but the more sluggish behaviour when the flux is decaying is 
accentuated if allowance is made for there being several delayed 
neutron precursors. This is because, whereas the growth of flux 
is roughly governed by the average delay in neutron emission, 
the decay of flux is most influenced by the precursors of long life. 





CHAPTER 16 


Operating a Reactor 


A reactor is brought up to power by increasing the reproduction 
ratio above unity, maintained at the power level desired by 
bringing the reproduction ratio back to unity and keeping it 
there, and shut down by decreasing the reproduction ratio below 
unity. When the reactor is shut down it must be sufficiently 
subcritical for there to be no possibility of an accidental increase 
of reproduction ratio bringing it up to criticality again; when 
operating there must be fine control allowing it to be kept exactly 
critical, and when made supercritical it is most important not to 
allow it to go prompt-critical. 

We have seen that different methods of altering the reproduction 
ratio have been used in different reactors. They are summarized 
in Table 16.1. The most reliable way of shutting down a thermal 
reactor is to insert more absorbing material into the core, and this 
is the most usual way of doing it, but absorption cross-sections 
for fast neutrons are much smaller than for thermal neutrons, and 
the absorbing control rod is unsatisfactory for fast reactors. This 
accounts for the choice of a moving reflector to control ZEPHYR. 
Changing the amount of moderator is obviously not a practicable 
way of effecting rapid control, but it is used in the NRX reactor 
as an alternative to shim rods. Changes in the amount of neutron 
leakage from the core due to thermal expansion in the case of the 
HRE reactor, and the formation of voids (more correctly steam- 
pockets) in the case of boiling water reactors, are convenient 
safety and control features that happen to be provided by the 
anatomy of these two types of reactor. The HRE reactor can also 
be controlled by changing the concentration of the fuel; this 
having the advantage that when the reactivity is reduced fewer 
neutrons are formed, intead of more being wasted as happens 
when an absorbing rod is inserted. Control by movement of fuel 
out of the core is therefore more economical of neutrons than 
control by other methods, but is not sufficiently reliable to be 
used alone. In the MTR reactor, movement of fuel rods is used 
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to reinforce the effect of movement of absorbing rods (for the 
shim rods only). 
Table 16.1 
Methods of controlling Reg. 








Repp reduced by Reactor 
Decrease of fission vate 
Moving fuel out of core GODIVA, MTR. 
Reducing concentration of fuel HRE. 


Increase of parasitic absorption 


Insertion of absorbing control rod West Stands, MTR, HRE, 


Calder Hall, NRX. 
Increase of leakage * 


Movement of reflector away from core HRE, ZEPHYR. 
Removal of moderator from core NRX. 
Expansion of core due to temperature rise GODIVA, HRE. 
Formation of voids in moderator/coolant BORAX IT. 





* Consideration of the effect of an absorber rod on flux distribution shows that for a given mean 
flux the increase of flux from the core boundary inwards is greater with the absorber rod in- 
serted. The neutron leakage is therefore increased by inserting the absorber rod. This will be ap- 
parent from inspection of Fig. 16.1. 


Control Rods 


In principle, a single absorbing rod can be used to control a 
reactor, but in practice several are used for two different reasons, 
The first reason has to do with the requirements for moving the 
rods, the second has to do with their effect on the flux distribution. 

For continuous fine control, it is convenient to have special 
regulating rods moved by an appropriate mechanism, which may 
include servo-control. For larger adjustments, not often required, 
shim rods are necessary. The shim rods may be held to the me- 
chanism for moving them by electromagnets which can be switched 
off to release the rods so that they fall into the core, in order to 
shut the reactor down in an emergency. Frequently, however, it is 
considered desirable to instal separate safety rods for this purpose, 

The amount of negative reactivity provided by the control 
rods should be different for regulating, shim and safety rods, 
and different limitations must be placed on their rate of movement, 
Regulating rods, being in constant use, should not carry so much 
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reactivity that they could, if completely withdrawn, make the 
reactor prompt-critical. A suitable reactivity for these rods is 
between one-third and two-thirds of the reactivity at prompt- 
critical. Remembering the definition of the ‘dollar’, the reactivity 
should be between one- and two-thirds of a ‘dollar’, or, in the 
notation of the last Chapter, between 8/3 and 26/3. In order to 
minimize the danger of the reactor becoming more lively than 
intended, the speed of the rods should be limited to what corres- 
ponds to a rate of change of reactivity of between 1073/sec and 
10-4/sec. Shim rods, being used to compensate long term changes, 
and for start-up, do not need to move so fast, but must carry 
more reactivity. This may amount to as much as 0-2; the rate of 
change may be between 10~4/sec and 10~®/sec. On the assumption 
that the combined regulating and shim rods are sufficient to shut 
the reactor down, the safety rods may be withdrawn quickly if 
an interlock is provided which makes this impossible unless all the 
regulating and shim rods are fully inserted. The safety rods, 
however, must be capable of shutting down the reactor with 
certainty when all the regulating and shim rods are withdrawn. 
They must, therefore, carry more negative reactivity than there 
is excess reactivity built into the reactor, and a safety factor of 
up to two times should be allowed. Control rod design requirements 
are given in Table 16.2. 


Table 16.2 


Design requirements for control rods. 








Rod Reactivity range Speed of operation 
Regulating B/3 to 28/3 10-3/sec to 10~4/sec 
Shim Up to about 0-2 10-4/sec to 10-8/sec 
Safety Say 2 X maximum All in in less than 1 sec 


core reactivity 





The speed at which the safety rods must enter the core is governed 
by the nature of the accident that they are required to prevent. 
We shall now discuss this, but as a general rule safety rods should 
be all in within a second of the emergency arising. 
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Start-up Accident 


Three kinds of control rod, as we have seen, are needed to handle 
the various situations that arise in a power reactor, and call for 
careful design so that they may fulfil their separate functions. 
To use them properly it is necessary to know just what the 
situation is in the reactor core. A power level meter, even if it 
indicates power by measuring neutron flux, is quite inadequate 
for this purpose, particularly when starting up the reactor. If the 


control rods are withdrawn too quickly, the reactor may become - 


prompt-critical at a low value of flux before the power level 
meter has started reading. In the absence of other instrumentation 
(or if the other instruments have failed) the inherent danger of 
the situation will be overlooked until the reactor is coming up 
to full power, by which time its period may be so short that the 
flux is rising too quickly for safety measures to be taken in good 
time. Suppose the regulating rod motors have been set to give a 
rate of increase of reactivity given by p’ = at, where «isa constant, 
and the time ¢ is reckoned from the moment at which the reactor 
became prompt-critical, p’ being the reactivity above prompt- 
critical. Let 4) be the flux when the reactor became prompt, and 
¢ the flux at a later time. By differentiating equation (15.6), we 
find that, above prompt-critical, 


dé p’ 
eer i (16.1) 


where J is the neutron life-time. For our assumed conditions this 
becomes 


dé « 
Sr aght 
dt ol ‘ 
Integrating, we obtain 
Co) a 
log, — = —# 
0§e dy 21 


or 


me) 
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The znstantaneous reactor period, when the flux is ¢, is obtained 
from equation (16.1) with p’ constant, and is 


l 3 . 

U l —_—— 
—=-—= ¢ (16.2) 
pad 2a log, -— 
$o 
Let us consider a bad case, in which the reactor goes prompt 
soon after the regulating rods have been set to « = 10-%/sec, 
before the flux has risen far. The flux during shut-down is very 
small compared with that at full power, even if a source is present. 
$/¢) can easily be 101” at full power. Using / = 10-3 sec, equation 
(16.2) then makes the instantaneous period at full power 0-13 sec, 
and during this interval of time the power rises further by 2-7 
times, or more if we allow for the steady decrease of the reactor 
period. For enriched reactors the neutron lifetime is less, and the 
instantaneous period also would be less. Now an appreciable 
time is required for a change in flux to be recorded by the measur- 
ing instruments, and a further time for the trip mechanism to be 
actuated, and both times are to be added to the time that the 
safety rods take to enter the reactor sufficiently far to reduce the 
reproduction ratio below unity, and so initiate a fall in flux. It is 
clear that the instantaneous periods that might arise as a result 
of a start-up accident are so short as to be very difficult to contend 
with. It follows that even with quick acting automatic shut-down 
it is not enough to have this actuated when the power level meter 
indicates that the maximum safe power has been reached, because 
the reactor period may then be very small. Fortunately, it is 
possible to design an instrument, the period meter, which gives a 
continuous indication of reactor period, and this, combined with a 
power level meter, enables the reactor situation to be properly 
assessed, and emergency action taken if called for. Before describing 
the period meter, however, we shall return to the control rods. 


Effect of Control Rods on Flux Distribution 


A control rod is a sink for thermal neutrons, like a fuel element 
but more so; it may be regarded as ‘black’ from the standpoint 
of these neutrons, in the sense that it absorbs all such neutrons 
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that fall on it, whereas in this sense a fuel rod is ‘grey’. The 
control rod, like the fuel rod (cf. page 111) sets up a neutron 
concentration gradient around it, down which the neutrons 
diffuse; this depresses the neutron concentration and hence the 
thermal flux in the neighbourhood of the rod. 


10 
Without rod 





y 
06) 
ols 
me: 


0 02 04 06 08 10 
Distance from axis —> 
Fig. 16.1. Effect of axial control rod on flux distribution in cylindrical 
reactor. Mean flux the same with and without rod. 


When control rods are inserted so that the reactor is shut 
down, the way in which they disturb the remaining flux does not 
matter, but when the reactor is operating it does matter. The 
pattern of control rods at criticality is what must be considered, 
and this may be complicated, with several rods inserted to dif- 
ferent extents. The mathematical treatment of such a system is 
very difficult, but the case of one cylindrical rod inserted along 
the full length of a cylindrical reactor, on its axis, comes out 
straightforwardly in terms of Bessel functions. The effect of the 
rod is shown in Fig. 16.1. 

It is apparent that a single control rod has an effect on the 
flux distribution which can be improved upon from the stand 
point of wanting the average flux to be as close to the maximum 
flux as possible, in order to obtain maximum power output, 
It is better to have a smaller rod on the axis, and further rods 
arranged in a ring round it at a distance from the axis where 





OPERATING A REACTOR 283 


the flux would be at its peak in their absence. This arrangement 
tends to even out the flux; it also places the rods where they are 
most effective. Closer to the axis, or nearer to the surface, they 
would be in a region of smaller flux, and so have less effect. Rods 
placed too close to each other have a shadowing effect. When a 
rod is inserted progressively into a reactor core, its effect increases 
relatively slowly when just entering and when nearly through 
to the other side, because it is then moving in regions of relatively 
low flux. Rod calibration curves are therefore of the form shown 
in Fig. 16.2. 


Reactivity ——> 


Out In 
Position of control rod ———> 


Fig. 16.2. Calibration of control rod. 


What has been said on the subject of the location of control 
rods applies particularly to shim rods; regulating rods have only 
a small effect on the flux even when full in, and safety rods are 
out when the reactor is intended to be working. 

It should be mentioned that control rods may absorb so many 
neutrons that they require cooling because of the heat generated 
in them. 


Period Meter 


This intrument depends on the fact that the period of a reactor 
is related to the rate at which the flux is changing, and this can 
be obtained by differentiating a flux measurement. Consider first 
a reactor on a stable period well below prompt-criticality, We 
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found in the last Chapter that the flux increases (or decreases) 
exponentially with a period of (6 — p)/Ap. Above prompt-criticality 
it increases exponentially with a period of //p’. The longer period 
goes over into the shorter in a range of reactivity just below 
prompt-criticality; in any case the increase (or decrease) is ex- 
ponential. It will not be exponential, however, if the reactivity 
is constantly changing, as we saw when considering the start-up 
accident, nor will it if the reactivity has changed recently and the 
initial transient not yet died out. Except when shutting a reactor 


down, however, operating reactivity changes are slow, and the 


flux will change nearly exponentially during a short interval of 
time. We may fit an exponential function to the true one, and let 
the exponential define what we shall call the instantaneous period 
T. We may then write, for two successive values, 


ta—tr 


db, = pie’, 
and 
dé _¢ 
dt T 


which is equivalent to 
d 1 
— (I = 


A period meter must therefore measure the flux, take the 
logarithm, differentiate the result and then display the answer on 
an inverse scale. The pointer of such an instrument will move 
away from its position of rest as the reactor period shortens, that 
is as the danger increases. 

The method of achieving this procedure is illustrated in Fig, 
16.3. The current from the ionization chamber measuring neutron 
flux is passed to earth through the diode, the voltage across the 
diode being fed to the high impedance input of the d.c. amplifier, 
The output is used to charge a condenser via a current measuring 
circuit. Let 7, be the current through the diode, and V, the voltage 
developed across it. Let 7, be the current flowing in the output 
circuit when the output voltage is V,, and C and R be the cap- 
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acitance and resistance in the output circuit. The diode is chosen 
so that the ionization current appears small to it; it therefore works 
on the lower bend of its characteristic curve, developing a retard- 
ing potential on the anode, so that only the faster electrons emit- 
ted from the cathode can cross the tube and carry the current. 


H7.+ 





Figure 16.3. Period meter circuit. 


Under these conditions 7, is proportional to e~’1“", where e¢ is 


the electronic charge, k Boltzmann’s constant and @ the cathode 
temperature. V, is, therefore, proportional to log, 7,, that is pro- 
portional to log, d. Furthermore V, is proportional to V,. We also 
have ; 


CV, = | inde 


provided & is sufficiently small. The final output voltage measured 


- on the period meter is proportional to Rz,, or RC(dV,/dt), and 


hence to d(log, ¢)/dé or 1/7. The period meter therefore requires 
graduating in inverse volts. 


Instrumentation 


A period meter will work through a large flux range, but there 
is a minimum value below which it ceases to function correctly. 
It can be used to protect the reactor from too short a period before 
the power level meter is indicating, but there remains a low flux 
range in which neither the power level meter nor the period meter 
can safeguard against the initiation of a start-up accident. The 
instrumentation in this range is confined to flux measurements 
using counters; since the range covers many powers of ten, the 
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instruments are available to 


no 


? 


1 of full power 
measure the flux, which, moreover, is subject to considerable 


statistical variations when so small. To avoid the danger involved 
in starting up a reactor from this region, good practice calls for 
the use of an artificial neutron source to boost the flux into the 


counter range. The lowest range is called the source range, but 
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ificant considerations are the following 


the source is used to get out of it. The different ranges are in- 
dicated in Fig. 16.4, the divisions coming at the lowest level of 


Power level meter 
visions are somew 


Full power 





count rate 
meter 
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Fig. 16.4. Instrumentation ranges for reactor operation. 


operation of the different instruments. These di 


ign 


arbitrary, but the s 


(i) It is convenient for the power level meter to display its 
reading on a proportional, not a logarithmic, scale. The power 


range therefore fades out at about 10~? of full power. 






(ii) At more than 107! of full power it is necessary to watch 
the power level meter closely, and only permit the level to creep 


up slowly; the period meter can then be dispensed with. 
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(iii) There is insufficient ionization available to work the 
period meter below about 10~® of full power, because it takes the 
logarithm of the ionization, and then differentiates, so requiring 
a reasonably continuous ionization current on which to work. 
When this becomes broken up into intermittent pulses, the period 
meter ceases to work. 


(iv) The count rate meter, however, begins to work, since 
individual pulses can be recognized, and those of a size attributable 


to neutrons counted separately. Pulses due to gamma rays are. 


smaller, but will be more numerous at low flux levels in a reactor 
in which fission products have accumulated. Count rate meters 
become unsatisfactory when there is too long an interval between 
pulses. 

The Control Panel 


In addition to controls for the regulating, shim and safety 
rods, and the instruments for indicating the condition of the 
reactor, it is desirable to supplement these essential adjuncts 
with many others. In a power reactor, coolant flow and tem- 
perature must be indicated, and controls provided. For safety 
reasons, a continuous check on core temperatures, leakage of 
radioactivity, and radiation levels outside the reactor needs to 
be kept. The outcome is a control panel with a large array of 
instruments, far beyond what was deemed necessary for the first 
pile at West Stands. 

An example of a modern control set-up for an experimental 
reactor is shown in Fig. 16.5. It shows the control panels and 
console of the air-cooled pile at Brookhaven. The most im- 
portant instruments and much used controls are conveniently 
assembled in front of the operator, with the scram-button easily 
reached, but so placed that it requires a deliberate movement 
on the part of the operator (or somebody standing near the 
operator) to work it. The less used controls are on either side 
of the operator, with recording instruments on a large panel 
behind the console. 

Using the Controls 


The first start-up of a reactor has to be carried out with special 
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care, there being no experience of that particular reactor to help. 
The natura] neutrons will probably require boosting with an 
artificial source to get a proper reading from the counters before 
beginning to remove the control rods. On the assumption that it 
is known from building the core that the safety rods are not 
required to hold the reactor subcritical, but that the shim rods 
alone will do this, the safety rods are removed. The shim rods 
are then withdrawn, slowly and intermittently, and the count 
rate meter is watched. The count rate will increase during the 
time the rods are being withdrawn, but as long as the reactor 
remains subcritical, there will be no increase whilst the rods are 
stationary. When criticality is reached, the rate will remain steady 
during the stops, even if the source is removed; if, however, the 
rate rises, the reactor is supercritical. The procedure described 
therefore takes the place of the inoperative period meter, and 
is continued until the latter begins to read. 

This tedious procedure, probably taking many hours, becomes 
superfluous if the period meter is already reading when the 
reactor is to be restarted after a brief shut-down. This will be the 
case if there are enough delayed neutrons still being released, 
or photodisintegration neutrons from a heavy water moderator 
or from beryllium. When the period meter is indicating, the control 
rods can be withdrawn at the maximum speed that keeps the 
period up to a sufficiently high value to be considered quite safe, 
which might well be between 10 and 20 sec. In this range it is 
practicable to make operation automatic, and a servo system can 
be designed which will hold the period to a predetermined value 
during the increase of flux. 

A temporary shut-down may not necessitate full insertion of 
the control rods: it may be sufficient to reduce the power level 
to a hundredth or a thousandth of its normal operating value, 
using the regulating rods. If this has been done, the restart is 
greatly simplified, and can be carried out quite quickly with the 
reactor under perfect control. 

We see that there is a considerable advantage to be gained 
when restarting a reactor, if the shut-down has been incomplete, 
and has lasted only a short time, A short shut-down not only 
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leaves a useful residual flux, it also minimizes the growth of 
xenon poisoning. The poisoning is inconvenient at a restart, even 
if the available reactivity is ample. Shutting down a reactor 
with the safety rods is to be avoided unless a real emergency 
arises, or it is desirable to check that they are working properly. 

To keep a reactor operating at a steady power level it is neces- 
sary to keep the reproduction ratio at precisely unity. Since a 
number of factors are liable to vary it, including fuel burn-up, 
it is convenient to provide the regulating rods with a servo control 
linked to the power level meter. , 


Protective Action in Emergency 


Action may be required to meet situations varying from, say, 
failure of the thermocouple in the hottest part of the core to give 
an indication, to the period meter going off-scale. The former 
would only call for immediate action in special circumstances, 
for example if the reactor were being tried out for the first time 
above its designed power rating. The latter emergency (which 
should never arise) would call for immediate and rapid shut- 
down. Between such extremes situations will arise, even during 
normal operation, which require some protective action to be 
taken. The action required will depend on an assessment of the 
dangers inherent in the situation, and the inconveniences resulting 
from alternative courses of action. There are four degrees of 
protective action possible, of increasing severity as regards what 
they do to the reactivity, and also of increasing nuisance value 
after the emergency when recovering from their effect. They are: 


(i) Prevention of further increase of reactivity. This limitation 
is always imposed when the power level has risen to a pre- 
determined value, or the period fallen to a predetermined value, 


(ii) Setback, i.e. slow or fast decrease of reactivity. 


(iii) ‘Scram’, i.e. rapid shut-down. This may be either what is 
known as fast scram, which is as rapid as can be achieved, or 
delayed scram, in which there is a slight delay before rapid action 
follows. If the scram signal is due to some minor originating 
cause which only lasts a very short time (such as a temporary 
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power failure in the instrument circuits), then the scram signal 
will quickly be followed by a clear signal and delayed scram will 
save an unnecessary shut-down. 


(iv) Back-up. This is used after scram if the emergency was so 
desperate that every possible action must be taken to ensure 
that the reactor remains shut down. It may consist in draining a 
liquid moderator from the core, or pouring boron steel shot into 
a hole in the reactor core. 





Table 16.3 
re oO ue} 
Sgazg po 2e oe 
Situation Zeke 2A 8h BE sf 
feo nP HY DO HS 
Oe a a A” a 
Flux exceeds 1-1 x normal Yes 
Flux exceeds 1-5 x normal Yes 
Flux exceeds 2 x normal Yes 
Heat output exceeds 1-1 x normal Yes 
Heat output exceeds 1:2 xX normal Yes 
Heat output exceeds 1-5 X normal Yes 
Period less than 20 sec Yes 
Period less than 5 sec Yes 
Period less than 1 sec Yes 
Coolant flow less than 0-9 xX normal Yes 
Coolant flow less than 0-8 x normal Yes 
Coolant temperature exceeds 1-1 x 
normal Yes 
Supply voltage failure Yes 
Radiation level in building excessive Yes 
Radioactivity in coolant 1-2 x normal Yes 
Radioactivity in coolant 2 X normal Yes 
Availability of manual over-ride Yes Yes Yes Yes 


In so far as precautionary action is incorporated in automatic 
control circuits, three important principles must be observed in 
their design: 


(i) More severe action must always take precedence over less 
severe, 
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(ii) Manual control must over-ride automatic if more severe 
action is intended, but must in no circumstances prevent auto- 
matic precautionary action. 


(iii) Components must either fail safe, or be duplicated so that 
if one fails the other takes over. 


A small experimental reactor with a low flux rating can have 
relatively simple controls, and there will probably be no objection 
to simplifying the protective action provided to automatic and 


manual scram. A large power reactor, however, will justify quite. 


a lot of complication, but care must be taken that the com- 
plication does not itself introduce additional dangers, or lead to 
unnecessary shutting down of the reactor. Table 16.3 shows the 
appropriate action required in various situations in a power 
reactor. 


Safety Precautions for Critical Assemblies 


It will be apparent from what has been said on the subject of 
controls that a properly engineered reactor, with a competent 
operator at the control desk, can attain a very high degree of 
safety, and without placing excessive responsibility on the 
operator. In the course of development work, however, critical 
assemblies have to be built, and assemblies put together which 
might by ‘mischance go critical, that serve only a temporary 
purpose, and which are more in the nature of laboratory ex- 
periments. These cannot always be designed and constructed 
to the standards requisite for a reactor intended for regular 
use. In such circumstances many of the safety principles must 
apply to, and be applied by, the personnel carrying out the 
experimental work. The danger arising from an experimental 


assembly inadvertently going critical (or perhaps even prompt- 


critical) is often increased by there being only limited shielding 
around the assembly. On two occasions at Los Alamos, during 
development of the fission bomb, an assembly went prompt- 
critical as the result of an otherwise trivial mishap; on each 
occasion the mistake was paid for by the death of one of those 
present, from heavy over-exposure to radiation. These two 
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tragedies leave no doubt that strict observance of procedural 
rules when building assemblies that can go critical is essential, 
even though the rules are irksome. Detailed rules may be elaborated 
from the following principles.* 

(i) All participators in the experiment must collaborate in 
planning the procedure so that each one is familiar with it. The 
behaviour to be expected of the system is discussed, but possible 
alternatives considered, and the proper course of action in case 
of run-away decided. 


(ii) Remote control and observation is to be adopted as far as 
practicable. 

(iii) The programme is subdivided into different kinds of jobs, 
such as moving fissile material, reading instruments, etc., and a 
separate experimenter assigned each task. Each experimenter 
must know where the others are, and what they are doing, 
at all times. One experimenter, who is not engaged in any mani- 
pulations, controls the progress of the work. Every member of the 
team is expected to consider the consequences of what he intends 
to do next, but the coordinator, not being distracted by a specific 
responsibility, ought to anticipate danger before the others. 

(iv) All manipulations must be reversible. Not only must the 
experimenter be able to return the assembly to its former state as 
quickly as he altered it, the alteration must not be such as would 
lead to a change that would not be cancelled by reversing the 
alteration. It is, for example, forbidden to add fissile material 
in such a way that the temperature of the assembly would be 
raised and so increase the reproduction ratio, since this would 
not return to its former value when the fissile material was 
removed. 

(v) Manipulations must be made deliberately, and according 
to programme. 

(vi) No alteration to the assembly may be made unless some 
reliable scram mechanism is available. It is, for example, forbidden 
to insert the safety rods, and then relocate the fissile material. 


* See Murray, R. L., Introduction to Nucleay Engineering, p. 161, 1955, 
London; Allen and Unwin. 
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Reactor Operating History 


In spite of the large number of reactors now built, and the 
tremendous dangers involved, the two deaths mentioned in the 
last section remained, for a long time, the only ones. The first 
physicist to meet his death by accident at Harwell did so by 
falling from scaffolding; it must not be forgotten that the familiar 
dangers remain, in the presence of those peculiar to nuclear 
engineering. The excellent record of industrial safety in this new 
field, where personnel is concerned, has, however, been ac- 
companied by instances of catastrophic damage to equipment. 





Fig. 16.6. Test to destruction of BORAX-I. By courtesy of the National 
. Reactor Testing Station, Arco, Idaho. 


A deliberate catastrophe was brought about to discover what 
in fact does happen when a reactor runs away, the test being 
carried out on a reactor which had fulfilled the purpose for which 
it was intended, and in a location where the release of radio- 
activity would not be dangerous. It was carried out in the U.S.A, 
on the boiling water reactor BORAX-I, for which purpose the 
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reactor was controlled from half a mile away.* By the sudden 
ejection of a control rod, the reactor could be made super-prompt- 
critical. It was found that a sudden increase of reproduction ratio 
of about 2 per cent resulted in the formation of so much steam, 
so rapidly, in the water moderator/coolant, that the reactor 
merely blew off steam, and shut itself down. A sudden increase 
of about 34 per cent, however, was too much for this protective 
mechanism to contend with, and an explosion, or perhaps one 
should say a burst, resulted, with débris thrown up to about 
80 ft. The instantaneous power rose to 19,000 MW. There was no 
dangerous fall-out beyond a few hundred feet. The explosion at 
its height is shown in Fig. 16.6. 






Personnel errors 


ea Equipment failures 





Serams per thousand hours ——> 
n 


1943 4 '5 6 '7 '8 ‘9 1950 'l '2 °3 1954 
Year —» 
Fig. 16.7. Reactor scrams per thousand hours operation. Data from 
R.H. Graham, Nucleonics, October 1955, p. 42. By courtesy of the Journal. 


Two important occasions when reactors were accidentally 
wrecked were the NRX reactor start-up accident at Chalk River 
in 1952, and the fire at the Windscale No. 1 pile in 1957.** Both 

* Nucleonics, September 1955, p, 42, 


** Accident at Windscale No, 1 Pile on 10 October 1957; London; H.M, 
Stationary Office Cmnd 802, 
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accidents released large quantities of radioactivity. Nobody was 
damaged by it, though the Windscale accident gave rise to 
considerable anxiety at the time. This accident (see page 155) 


was caused by failure to keep a release of Wigner energy under — 


control, the fuel elements finally catching fire. The damage was 
so severe that the reactor had to be abandoned. The NRX ac- 
cident was caused by an operational error. The damage was 
sufficient for it to appear at first sight unlikely that the reactor 


could be saved, but this was ultimately achieved (see page 197). | 


It would be interesting to know how many catastrophes have 
been avoided by scramming the reactor in good time, but this, 
unfortunately, one cannot know. It must be a small fraction of 
the occasions when the reactor was, in fact, scrammed because 
of danger, potential or actual. Information has been published on 
this.* It refers to 25 reactors operated during the first 12 years 
for the U.S. Atomic Energy Commission, excluding reactors for 
military purposes. There were no accidents involving off-site 
contamination, or radiation injury sufficiently serious to cause 


loss of working time. The number of scrams per thousand hours 


is plotted in Fig. 16.7. 


* Nucleonics, October (1955) 42. 
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TABLE I 


Universal constants 
e = 2-71828 
Velocity of light = 2:99792, x 10! cm/sec 
Boltzmann’s constant = 1-380, x 10716 erg/degree 
Avogadro’s number = 6-02, x 1083 atoms/mole 
Planck’s constant = 6-624, x 107?” erg sec 
Elementary charge = 4:802, x 107?° e.s.u. 
Mass of electron = 9108, x 107%8 g 
Atomic mass unit = 1:6597, x 107*4 g 
Mass of electron = 0-:0005488 a.m.u. 
Mass of proton = 1:00759, a.m.u. 
Mass of neutron = 1:00898, a.m.u. 
Mass of proton/mass of electron = 1836-1, 


TABLE II 
Conversion factors for energy units 

The largest wnit of energy is at the top of the table; each unit is 
smaller than the one above it, the ratio between succeeding units 
being given in the column headed conversion factor. If a quantity of 
energy is expressed in terms of one unit, and required in terms of the 
unit next lower in the table, the figure representing the amount of 
energy is to be multiplied by the appropriate conversion factor. 
Thus a gramme calories = 4:186 2 Joules. Conversely, « Joules = 
x/4-186 gramme calories. The conversion factor for a multiple step 
is the product of the intervening conversion factors. To facilitate such 
conversions, the logarithm of the conversion factor is given in the last 
column. Thus # ergs = # antilogy) (2:8262, + 8-9690,) electron volts. 








Unit Conversion factor logy) factor 
Gramme , 
Kilowatt-hour 2-407 x oe 7-3973p 
British thermal unit 3-422 x 10 3°5343, 
: 2-514 x 10? 2-4002 
Gramme calorie 8 
4-186 0:6217 
Joule ; 4 
Erg 10 ; 7:0000, 
Atomic mass unit 6-704 x me 2-8262, 
Electron volt 9311 x 1 8-9690, 
L161 x 104 40646, 


Degree Kelvin * 





* From energy @ Boliamann's contant % temperature, 


b 
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T* 
i T Electrical R 
Reactor Location at Type Fuel Moderator Coolant ee scans Jakiats 
operated megawatis megawatts page 
Academy of Science U-S.S.R. 27/6/54 Power Hetero fnriched uranium Graphite Pressurized water 30 5 32 
BEPO Harwell, England 5/7/48 Experimental Hetero Natural uranium Graphite Air 6 _ 111 
BNL Brookhaven, 1950 Experimental Heteroy Natural uranium Graphite Air 28 _ 86 
Long Island, U.S.A. 
BORAX-I Arco, 1953 Experimental Hetero; "nriched uranium Water Boiling water ? ? 294 
Idaho, U.S.A. 
Calder Hall Sellafield, 17/10/56 Power converter Hetero Natural uranium Graphite Carbon dioxide 4x 182 154 34 
England , 
Chapel Cross Annan, Scotland 1958 Power converter Hetero Natural uranium Graphite Carbon dioxide 4 x 180 140 35 
Clinton Pile Oak Ridge, 1943 Converter Hetero atural uranium Graphite Air 4 — 31 
Tennessee, U.S.A. 
CP-1 (West Stands) Chicago, U.S.A. 2/12/42 First Heteros atural uranium Graphite none 4 W = 22 
self-sustaining pile (some oxide) 
CP-2 Chicago, U.S.A. 1943 Experimental Hetere atural uranium Graphite none 2 kW _ 30 
(some oxide) 
' 
EBR-1 Arco, December Experimental Fast Jranium-235 none Na-K alloy 1-4 0-2 142 
Idaho, U.S.A. 1951 ‘Breeder’ 
GODIVA Los Alamos, 1951 Neutron pulse Fast Vranium-235 none none 104 = 129 
New Mexico, U.S.A. generator at peak 
Hanford Hanford, 1944 Converter Hetere atural uranium Graphite Water Very large = 31 


Washington, U.S.A. 


* The table contains only reactors mentioned in the text. 
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First 
Reactor Location operated Type 

Hinckley Point Hinckley Point, (1961) Power 
Somerset, England 

HRE-1 Oak Ridge, 15/4/52 Experimental 
Tennessee, U.S.A. 

HRE-2 Oak Ridge, 1958 Experimental 
Tennessee, U.S.A. 

MTR Arco, 1952 Materials 
Idaho, U.S.A. testing 

NAUTILUS U.S. Submarine 17/1/55 Propulsion 

NRX Chalk River, Canada 1947 Experimental 

P-2 Saclay, France 27/10/52 Experimental 

PWR Shipping port, 18/12/57 Power 
Pennsylvania, U.S.A. 

Savannah River Aiken, 1954 Converter 
South Carolina, U.S.A. 

Windscale Sellafield, England 1950 Converter 

ZEPHYR 1954 Experimental 


Harwell, England 


Breeder 
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tinued) 
Fuel Madidiiies Greteonk Thermal Electrical Reference 
megawalts megawatts page 
atural uranium Graphite Carbon dioxide 2 x 980 500 10 
Water Soup 1 0-14 182 
yanium sulphate circulated 
Water Soup 5 0-14 182 
yanium sulphate circulated 
ranium-235 Water Water 30 _ 181 
nriched uranium Water Pressurized water ? ? 33 
atural uranium Heavy water Water 30 _ 196 
ftural uranium Heavy water Carbon dioxide 2 _ 252 
friched uranium Water Pressurized water 260 60 33 
‘tural uranium Heavy water Water ? _— 203 
Atural uranium Graphite Air ? _ 32 
tonium none none 2W _ 136 
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TABLE IV 
Absorption cross-sections 


Microscopic absorption cross-sections, in barns, for slow neutrons 
(of energy 0-025 eV). Elements in column I have sufficiently low 
cross-sections to be suitable for structural components of slow reactor 
cores using natural uranium as fuel. Elements in column II, with 
somewhat higher cross-sections, are only suitable tor slow reactor 
cores if the fuel is enriched. Elements in column III are unsuitable 
for slow reactor cores, but may be used in fast reactor cores, the ab- 
sorption cross-sections being smaller for fast neutrons. The elements 
in column IV are heavily absorbing. 














I II III IV 

Carbon 0:0032 Zinc 1:06 Manganese 13-2 Boron 769 
Beryllium 0-010 Niobium 1-1 Tungsten 19-2 Cadmium 2,550 
Bismuth 0-032 Strontium 1:16 Tantalum 21:3 Xenon-135 
Magnesium0:063 Barium 1-17 Cobalt 37-0 2-7 x 108 
Silicon 0-13 Potassium 1-97 Silver 62 
Lead 0-170 Molybdenum 2-5 Lithium 71 
Zirconium 0-180 Iron 2-53 Gold 98 
Aluminium 0-23 Chromium 2-9 Hafnium 195 
Calcium 0:43 Copper 3°69 Mercury 380 
Tin 0:60 Nickel 4-6 Sodium 505 

Vanadium 5:1 

Titanium 5-6 

TABLE V 


oe 


Slow fission Fast fission 








1 n v " 
Uranium-233 : 2°51 2-29 2-6 2°5 
Uranium-235 2:45 2:07 2-6 2:3 
Natural uranium — 1:34 2-5 * 22" 
Uranium-238 — — 2-5 * 22° 
Plutonium-239 2°88 2-03 2:9 2:7 


i ne eeUU En EnSEENED NS UUnE EERE RUE 


* See footnote on page 115. 
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TABLE VI 
Slowing down properties of moderators 
Slowing down power Moderating ratio 
in cm? 

Water 1:5 67 
Heavy water . 0-18 5,820 
Helium at s.t.p. 16x 105 . 83 
Beryllium 0-16 160 
Graphite 0-06 170 

TABLE VII 


Diffusion properties of moderators 
Slowing down length = L, 











Diffusion length eB 
Migration length = M 
L, in cm ZL in cm M in cm 
Water 5-7 2-9 6-4 
Heavy water ll 170 171 
Beryllium 10 20 22 
Graphite 19 54 57 
TABLE VIII 


Maximum permissible concentrations 





M.P.C. in microcuries 
per millilitre 








in water in air 

Strontium-89 7x 10-5 2x 108 
Strontium-90 8 x 107 2 x 107-10 
Strontium-90 + Yttrium-90 8 x 107 2 x 10710 
Todine-131 6 x 1075 6 x 10-9 
Caesium-137 2x 10-3 2x 1077 
Polomum-210 3 x 10-5 19710 

Radium-226 4 x 10°8 8 x 10°22 
Uranium 10-4 3 x 1072 
Plutonium-239 6 x 1076 2x 10°12 
Americium-241 2x 10-4 4 x 10°11 
Any fission mixture 1077 10-® 

Any mixture of a emitters 1077 5 x 10-2 
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TABLE IX 


Maximum permissible exposures 





roentgen/year rep/year rad/year rem/year 











X or gamma rays 5-4 5-4 5 
Beta rays 5:4 5 
Thermal neutrons 7 1:8 1:7 . 
Fast neutrons 0-54 0-5 
TABLE X 


Maximum permissible radiation fluxes 


The figures assume continuous exposure 
for 40 hours a week and 50 weeks a year 





1 MeV gamma rays 1,300 photons/cm? sec 
1 MeV beta rays 30 particles/cm? sec 
Thermal neutrons 700 neutrons/cm? sec 
2 MeV neutrons 20 neutrons/cm? sec 
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314 BASIC PRINCIPLES OF FISSION REACTORS 


Shut-down 7 
emergency 28, 138, 290, 296 
period 273 
poisoning over-ride 262 
temporary 289 
Slowing down 4, 18 
formulae 159 
length 159, 193, 195, 305 
power 150, 305 
Sodium 140, 205, 224, 252 
Source range 286 
Spallation 67 
Specific power 96, 135, 200 
Spontaneous fission 5, 24, 72, 202, 
274 
Start-up 238, 54, 274, 285, 288 
accident 280, 295 
Steam cycle 49 
Strontium-90 225 
Submarine 33, 239 
Supercriticality 7 


Thermal agitation 1, 58 

Thermal circuit 243 

Thermal column 29, 192 

Thermal cycling 82 

Thermal spike 80 

Thermal stress 48, 51, 89 

in heated rod 94 

Thermal utilization factor 178, 
188, 195, 257 

Thermodynamic losses 10, 12, 48, 
243 

Thermonuclear energy 11 

Thorium 71, 21] 


Transmutation 14 

Transport mean free path 106, 
156 

Transuranic elements 14, 67 

Trimming 249 

Tritium 11 


Uranium 
alloys 85 


fast neutron cross-sections 115 


hexafluoride 35 

isotopes 2 

machining 88 

metal 16 

recovery from ore 16 

reserves 211 
Uranium-233 71 
Uranium-235 68 
Uranium-236 203 
Uranium-238 68, 71 

capture cross-section 177 
Uranium-239 3, 14 


Vortices 43 


Waste disposal 12, 224 
by dispersal 218, 225, 226 
by sintering 228 
graveyards 230 

West Stands 15, 22 

Wigner effect 82, 153 

Windscale 32, 155, 295 


Xenon-135 53, 74, 257 
X-radiation 12 











